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THEME 


In  recent  years  composite  materials  have  attracted  aircraft  designers  for  structural  and 
aerodynamic  reasons.  These  materials  have  promised  lighter,  cheaper  and  possibly  stronger 
airframes  and  component  parts  with  consequent  aircraft  performance  improvement. 
Demonstrations  have  occurred  on  real  aircraft,  including  combat  aircraft  wings  and  helicopter 
rotor  blades. 

Despite  the  physical  potential  of  composites  there  is  debate  over  their  overall  benefit 
technically  and  the  implications  of  their  use.  There  must  be  an  assessment  of  the  real  cost 
of  aircraft  as  a  weapon  system  when  avionics  are  fully  installed.  Relevant  research  is  already 
being  conducted  in  many  areas  but  more  work  is  required.  Results  of  recent  studies  have 
not  been  widely  disseminated.  The  objectives  of  this  meeting  were  to  appraise  NATO 
Nations  of  the  technical  status  of  the  problem,  provide  an  opportunity  for  exchange  of 
views  on  the  Electromagnetic  implications  of  composite  materials  to  aircraft  designers, 
scientists  and  engineers  of  various  disciplines,  and  to  give  operational  requirements  staffs 
a  more  complete  understanding  of  the  overall  effects  of  such  materials  on  aircraft  design. 
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Chairman's  Report 


AGARD.  Avionics  Panel 
39tb  Teohnioal  Specialists  Meeting 
Lisbon,  Portugal. 

June,  1980 


1.  GENERAL  INFORMATION 

Hie  meeting  was  arranged  between  1 6 — 19  Juno  1980,  The  first  three  days  were  devoted  to  the  teohnioal 
presentations  and  discussion,  the  fourth  was  reserved  for  a  teohnioal  visit  to  the  Civil  Engineering 
Ikoility,  Maritime  Research  Centre,  Lisbon. 


Hie  total  registered  attendance  was  9.3 and  this  number  of  delegates  was  mostly  present  right  up  to  the 
closing  ceremony.  Hie  number  of  papers  presented  was  22  with  only  two  being  offered  as  reserves  for 
papers  withdrawn  late  in  the  preparatory  period;  for  national  reasons. 


Jearly  all  of  the  papers  were  invit6d,  this  proved  successful  since  the  material  and  the  presentations 
were  of  a  high  standard  and  they  fitted  reasonably  within  the  framework  of  the  session  titles. 


Five  sessions  were  arranged.  Each  author  was  allowed  30  minutes  for  presentation  allowing  15  minutes 
for  discussion  time.  This  proved  useful  since  slow  speech  was  possible,  to  aid  the  interpreters,  and 
themes  oould  be  developed  adequately.  Hie  deliberate  limit  set  on  the  number  of  papers  presented  was 
therefore  beneficial. 


An  unprecedented  number  of  questions  and  formal  answers  were  offered.  They  have  been  reoorded  and  edited 
for  publication  with  the  proceedings  of  the  meeting. 

2,  SCOPE  OP  THE  TECHNICAL  COVERAGE 


Despite  the  physioal  potential  of  composite  materials  for  airoraft  engineering,  especially  carbon  fibre 
composites  (CPC),  there  has  been  debate  over  their  true  benefit  technically  and  the  implications  of 
their  use.  Hie  promise  of  cheaper,  lighter  and  possibly  stronger  airframes  with  consequent  airoraft 
performance  improvement  has  encouraged  airoraft  designers  to  include  suoh  structures  as  components  in 
demonstrator  airoraft  and  to  plan  for  a  wide  application  of  CPC  in  future  airoraft  designs.  The  impaot 
of  eleotromagnetio  ofi'eots  generated  by  the  introduction  of  oomposites  has  been  the  subject  of  research 
but  no  serious  disoussion  had  ooourred  prior  to  this  specialist  meeting  on  an  international  Beale,  so 
far  as  oould  be  determined.  Neither  had  there  been  a  forum  for  an  exchange  of  views  and  exporionco  on 
this  subjeot  between  the  airframe  designers  and  the  avionios  and  eleotronio  systems  engineers.  To 
establish  this  latter  point,  the  meeting  was  arranged  to  follow  oloaely  in  time  the  meeting  of  the 
Structures  and.  Mechanics  Panel  of  AGARD  held  in  Greeoe  in  Maroh  1980  when  composite  materials  were 
disouesed.  Hie  Avionios  Panel  Specialist  Meeting  in  Lisbon  was  opened  by  the  Panel  Chairman, 

Dr  Martin  Vogl  and  the  delegates  were  weloomed  to  Portugal  by  Captain  Masoarenhas  PAP  on  behalf  of 
General  Bourbonne.  The  first  presentation  was  offered  by  Mr  M.G.  J'ubfe,  Chairman  of  the  STP;  it 
included  a  summary  of  the  proceedings  and  conclusions  of  the  STP  meeting  whioh  set  the  soene  for  the  AVP 
discussions  in  Lisbon.  Hie  Lisbon  programme  was  divided  into  five  Sessions  comprising: 


Session  I 
Session  II 
Session  III 
Session  IV 
Session  V 


Materials  and  Applications 

Characteristics,  Measurement,  Modelling  and  Standards 
Specific  Topics  and  Research  Programmes 

Eleotromagnetio  Effoota  upon  Radiation  Patterns,  Eleotrostatio  and  Lightning  Problems 
Protection  and  Trade-off  Methods 


3.  SESSION  I 

The  nummary  of  the  SMP  meeting  outlined  several  of  the  fabrication  techniques  employed  and  referred  to 
many  of  the  areas  in  airoraft  construction  whioh  will  employ  composites  in  future.  The  paper  by  Messrs 
Leonard  and  Mulville  gave  a  most  valuable  insight  into  the  use  of  CPC  in  the  USA.  'The  paper  by 
Mr  T,  Sharpies  describing  the  application  to  military  aircraft  structures  summarised  the  advantages  to  the 
Structural  engineer  and  he  gave  a  very  useful  survey  of  the  factors  whioh  reduce  the  effectiveness  of 
CPC.  An  important  statement  oovered  the  effeots  of  moisture  effeots,  variability  in  meohanical 
performance  with  lay-up  arrangements  and  the  resulting  material  strengths.  It  was  encouraging  to  note 
that  the  airframe  manufacturers  were  aware  of  eleotromagnetio  effeots  such  as  EMC,  screening,  bonding 
and  earth  returns  but  there  was  a  general  air  of  surprise  among  delegates  at  the  great  extent  to  whioh 
CPC  wae  to  be  employed  in  both  fixed  wing  airoraft  and  helioopterB  of  the  future.  Mr  Leonard  and 
Mr  Sharpies  were  questioned,  closely  as  can  be  noted  from  those  questions  and  answers  inoluded  in  the 
proceedings. 
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SESSION  II 


Measurement  of  ELectrioal  Characteristics 

The  presentations  suggested  that  no  generally  accepted  test  methods  exist.  Thus  it  is  very  difficult  to 
compare  measurement  data.  However,  the  most  important  parameters  were  established  as 

re s i st ivi ty/c onduo t ivity 

anisotrophy 

inhomogeneity 

Papers  by  Strawe/Ceren  (4),  Smithers  (6)  and  Walker  (7)  dealt  with  measuring  methods  and  measurement  data. 
Existing  Standards 


The  impact  of  electrical  characteristics  of  CPC  upon  existing  standards  and  specifications  for  test 
methods  of  avionio  systems  have  not  yet  been  taken  into  aooount.  This  is  especially  true  of  external  IMC, 
Design  guides  for  eleotronio  equipment  should  include  such  parameters. 

Theoretical  Understanding 

The  theoretical  understanding  of  CPC  is  not  yet  fully  complete,  especially  non-linear  effects. 

Bonding 

In  view  of  power  ear“i  returns  and  lightning  ourrent-carrying  capability,  more  research  is  needed  upon 
bonding  methods  when  using  CPC.  Such  research  will  require  oloBe  liaison  between  structural  and  avionics 
engineers  to  achieve  the  optimum  benefits  of  CPC  application. 

5.  SESSION  III 

Six  papers  wars  presented  in  this  session  which  oovered  some  specific  topics  relating  to  lightning 
effeots  and  to  the  use  of  boron  fibers. 


The  first  paper  was  written  by  Mr  R.H.  Evans  and  Dr  J.M.  Thomson,  both  of  the  Royal  Aircraft  Establishment 
at  Rirn'oo rough.  Dr  Thomson  presented  the  paper.  It  described  the  CPC  work  in  the  UK  dating  baok  to  1970 
and  indicated  its  relationship  as  part  of  the  far  wider  MOD(PE)  programme  on  electromagnetic  effects. 
Overall, the  UK  programme  is  aimed  at  ensuring  that  adequate  information  on  CPC  utilization  is  available 
for  aircraft  and  flight  weapon  systems  projects  to  allow  quantitative  clearance  for  servioo  introduction. 
The  paper  gave  a  preliminary  assessment  of  the  electromagnetic  impact  of  CPC  as  identified  to  date  by  the 
programme.  Major  problem  areas  identified  were: 

a.  HP  penetration  of  the  CPC  airoraft  skin,  expected  to  be  worse  than  with  the  already  diffioult 
aluminum  akin. 

b.  Bonding  and  jointing  -  the  major  problems  lis  not  with  CPC  itself,  but  with  the  bonding  and 
jointing  of  the  material. 

The  paper  concluded  by  indicating  the  future  direotion  of  the  programme  whioh  was  probably  half-way  through 
its  life. 

The  second  of  this  session  dealt  with  a  French  Program*  studying  thr  eleotromagne+ic  effeots  of  lightning. 
The  paper  was  prepared  by  Mr  J.C.  Alliot  of  ONERA  and  Mr  D.  Gall  of  CEAT,  and  presented  by  Mr  Alliot. 

Directed  by  the  French  Aeronautical  Technical  Servioes,  a  flight  test  progranme  to  evaluate  the  electro¬ 
magnetic  disturbances  oaused  by  lightning  was  defined  whioh  has  been  in  hand  since  1978.  The  aircraft 
utilized  is  a  TRANSALL  C-160  from  the  Air  Foroe,  which  oarries  instrumentation  to  deteot  the  phenomena 
associated  with  direct  or  proximity  hits,  lighting  current  (pulsed  and  direot),  akin  ourrents  at  different 
points  of  the  structure,  interior  and  exterior  eleotromagnetio  fields,  and  overloads  upon  a  variety  of 
equipment.  Various  recorders  permit  the  oharacterization  of  the  airoraft  eleotrioal  status  during 
lightning  strikes. 

The  offeots  of  eleotromagnetio  radiat ‘ on  upon  structural  panels  made  of  composite  materials  was  of 
particular  interest  to  define  protection  systems.  After  a  number  of  modifications  to  the  instrumentation 
employed  during  the  1978  tests,  new  experiments  are  planned  for  the  summer  1980  with  the  following 
objectives: 

i  Obtain  qualitative  information  regarding  the  eleotromagnetio  energy  coupling  modes  caused 
by  lightning. 

ii  Understand  the  effeots  of  a  variety  of  structural  panels  made  of  oomposite  materials  when 
subjeoted  to  lightning. 

iii  Evaluate  the  eleotrio  state  of  a  vehicle  when  subjeoted  to  lightning. 


iv  Characterize  the  electrical  wavelengths  on  the  airoraft  structure  under  lightning 
conditions. 


A  paper  by  Mr  Ian  MacDiarmid,  of  British  Aerospace,  Warton,  and  Mr  Glenn  Barton  of  Westland 
Helicopters  Limited,  was  delivered  jointly.  It  first  described  lightning  strike  tests  conducted  on  CFC 
panels  for  the  Jaguar  airoraft.  The  results  indioated  were  that  no  significant  change  in  the  EMC 
olearance  of  the  aircraft  resulted  from  introduction  of  CPC  panels.  A  second  set  of  tests  described  were 
oonducted  on  composite  rotor  blades  for  flight  olearance.  The  rotor  blades  had  a  carbon  trailing  edge 
with  a  Glass  Reinforced  Plastio  spar  and  titanium  erosion  shield.  With  this  composite  rotor,  the  concern 
was  that  of  certifying  a  design  whioh  provided  an  adequate  electrical  path  to  conduct  moderate  severity 
lightning  strikes.  Test  results  showed  no  degradation  in  rotor  structural  strength.  Further  improve¬ 
ments  are  under  way.  Other  work  described  on  the  paper  outlined  the  investigation  of  longer  term  problems 
relating  in  general  to  CPC  effeots  on  avionic  systems,  including  CPC  fuselage  investigations,  conductivity 
measurements  and  an  earth  return  study. 

Paper  four,  by  Mr  R.Y.  Kwor  and  Mr  C.A.  Paz  de  Araujo  of  the  University  of  Notre  Dame,  described  some 
researoh  work  being  oonducted  on  Boron  Fibers.  The  paper  was  read  by  Dr  J.  Walker  of  the  Rochester 
Institute  of  Teohnclogy  and  the  characteristics  and  typical  application  methods  of  these  fibers  were 
reviewed.  Boron  fibres  are  noted  for  their  low  do  conductivity.  The  research  was  aimed  at  evaluating 
methods  for  increasing  this  conductivity  so  that  its  application  might  be  practical.  TeBts  were  conducted 
on  both  oarbon  diffused  boron  and  nickel-plated  boron.  The  conclusion  showed  that  carbon  doping  cannot 
be  used  because  of  limitations  of  meohanioal  properties.  Niokel,  on  the  other  hand,  proved  to  be  very 
compatible  with  boron,  yielding  excellent  improvements  in  conductivity.  It  appeared  to  take  oonBiderable 
effort  to  prepare  the  boron  for  test  and  the  cost-effeotivanesa  of  using  it  as  a  substitute  material  would 
have  to  be  evaluated. 


A  fifth  paper  described  the  voltage  induced  in  wiring  cables  in  the  interior  of  olosed  metallic  and  oarbon 
epoxy  structures  when  subjooted  to  a  pulse  of  ourrent  as  might  be  oaused  by  lightning.  It  was  written  by 
Mr  D.  Gall  and  presented  theoretical  and  experimental  results  on  the  meohanism  of  induced  overvoltage  on 
eleotrio  wiring  located  inside  olosed  structures  when  subjeoted  to  lightning  currents.  The  contribution 
of  two  parameters,  diffusion  of  akin  currents  and  the  internal  electromagnetic  field,  was  disoussed  for 
two  types  of  structures:  aluminum  alloy  and  oarbon  fibres.  It  was  shown  that  the  frequency  speotrum  of 
lightning  at  maximum  power  is  at  frequencies  lower  than  100  KGZ  and  that  oarbon  fibres  offer  3000  times 
less  protection  than  aluminum  alloy  in  both  overvoltage  and  effeots  of  electromagnetic  conditions  due  to 
lightning. 

The  last  paper  of  Session  III  was  written  and  delivered  by  Mr  G.  Weinstook  of  McDonnell  Airoraft.  This 
paper  revoalod  an  extensive  amount  of  effort  in  OPG  applications  by  MCAIR  for  both  the  P-l8  and  AV-8B 
airoraft.  The  aircraft  have  extensive  applications  of  graphite/opoxy  composite  material.  The  paper 
described  and  disoussed  those  extensive  studios  and  test  programs  at  MCAIR  backing  the  introduction  of 
tho  G/E  material  to  those  airoraft.  The  work  evaluated  0/E  shielding  oapability  noting  that  the  principal 
reason  for  shielding  ineffectiveness  was  the  reduction  associated  with  discontinuities  at  seams  and  joints 
(agreoing  with  results  of  the  MOD(PE)  programme  dosoribod  in  paper  number  one).  It  has  been  Bhown  that 
improvements  in  G/E  joints  oan  be  made  and  are  effective .  Other  study  results  indioated  that  G/E  ground 
planes  for  Antenna  (UHF  and  L  band)  allow  proper  antenna  functioning.  Furthor ,  adequate  lightning 
protection  oan  be  aoooinpiishud.  Mr  Woinstook  stated  that  he  had  not  yet  found  any  electromagnetic  g/e 
issue  that  could  not  be  handled  as  part  of  a  typical  airoraft  development  program. 


In  summary,  there  was  somo  agreement  between  several  of  the  papers.  The  problems  encountered  to  date  seem 
to  bo  responding  with  care  and  the  application  of  good  engineering  praotioo. 

6.  SESSION  IV 

In  particular  this  Session  concentrated  upon  the  electromagnetic  effeots  upon  radiation  patterns,  eleotro- 
statio  and  lightning  problems.  Pour  papers  covered  this  field  by  authors  from  the  US,  Franoe,  Germany 
and  the  UK.  An  interesting  topio  for  disouasion  was  the  effeot  of  introducing  metal  skins  by  vacuum 
deposit  or  othor  moans.  Pilot  protection  was  another  topio  whioh  will  noed  further  research.  A  very 
important  aspeot  raised  in  discussion  but  not  in  the  presentations  war  tho  application  of  fibre  optics 
to  ensure  adequate  EMC. 


7.  SESSION  V 

Session  V  oovered  Protection  and  Trade-off  Methods.  Again  the  discussion  highlighted  a  oertain  unease  in 
the  avionio  fraternity  that  protective  methods  might  not  bo  sufficient.  The  possible  need  for  harder 
avionio  systems  to  maet  the  demands  created  by  CPC  applications  indioated  that  the  delegates  were  not 
entiroly  satirfiad  with  the  Btate  of  the  art.  It  is  likely  that  muoh  more  researoh  will  be  needed  on 
this  topic. 

8.  In  conclusion  it  was  evident  that  future  systeroo  designers  will  require  guidelines  to  meet  the 
oxtra  elootronio  demands  generated  by  the  application  of  CPC  to  airoraft  structures.  It  is  clear  that  the 
wido  application  of  CFC  may  be  ooramonplace  in  the  not  too  distant  future.  The  olaim  by  some  airframe 
manufacturers  that  there  was  no  problem  in  meeting  lightning  EMC  and  elootrostai io  demands  was  evidently 
received  with  some  soeptioism  by  several  delegates.  It  was  stressed  many  times  that  from  now  on  airframe 
and  avionic  syotems  designers  imiBt  liaise  closely  as  designs  develop.  The  meeting  revealed  several  new 
innovations,  particularly  new  eleotrostatic  dischargers  and  data  upon  CPC  electromagnetic  tests.  It  will 
be  neoessary  to  standardise  dimensions  in  tho  analysis  of  data  howovor  to  prevent  prolonged  argument  over 


lx 


the  relevance  of  some  research  results.  A  means  of  ensuring  this  could  he  an  early  consideration  of  the 
topio  by  one  of  the  NATO  project  committees. 


15ie  programmes  presented  are  regarded  by  many  research  engineers  as  half  oomplete.  There  was  some 
encouragement  from  delegates  that  another  review  such  as  the  Lisbon  Specialists  Meeting  should  be  held 
as  those  programmes  neared  oompletion  to  assess  the  recommended  solutions  to  problems  which  have  arisen 
and  will  no  doubt  oontinue  to  arise. 


F  S  STRUMER 
Programme  Chairman 
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Abstract 


Because  of  demonstrated  weight  savings  and  potential  manufacturing  cost  savings,  car¬ 
bon  composite  materials  are  beginning  to  be  used  in  commercial  transports,  general  aviation 
aircraft,  military  fighter  aircraft  and  helicopters.  Current  production  applications  of 
carbon  composites  range  from  the  secondary  structures  of  new  commercial  transports  to  wing 
primary  structures  of  fighters,  and  current  development  efforts  assure  their  future  appli¬ 
cation  to  fuselages,  and  even  whole  airframes,  for  performance  gains  and  fuel  efficiency. 
Laminate  construction  characteristics,  that  may  be  relevant  to  avionics  system  design, 
vary  widely. 


INTRODUCTION 

The  term  "composite  structures,"  as  now  generally  used  and  as  specifically  used  in 
this  paper,  refers  to  structures  comprised  of  filaments  of  one  material — with  relatively 
high  strength  or  stiffness  per  unit  mass — embedded  in  a  homogeneous  matrix  of  another, 
usually  softer,  material.  While  "fiberglass"  composites,  consisting  of  glass  filaments 
in  epoxy,  have  been  extensively  used  for  some  time  in  aircraft  secondary  structures  (1) , 
a  primary  focus  of  current  interest  is  composites  composed  of  fine  carbon  filaments  in 
epoxy  (or  another  polymer)  because  of  their  combination  of  very  high  strength  and  stiffness 
with  potentially  low  cost.  Research  on  structures  molded  from  carbon  composite  systems 
dates  from  the  mid-1960's  (2)  and  has  been  strongly  supported  by  the  United  States  Govern¬ 
ment  through  the  Department  of  Defense,  and  the  National  Aeronautics  and  Space  Administra¬ 
tion.  Included  has  been  extensive  research  on  electrical  properties  and  the  effects  of 
lightning  strikes  on  carbon  composites  (3,4). 

While  current  applications  in  commercial  transport  aircraft  are  confined  to  secondary 
structure,  carbon  composites  are  already  being  applied,  in  military  aircraft,  to  empennage 
and  wing  primary  structure  and  limited  use  in  fuselage  structure  has  begun.  Moreover, 
development  efforts  toward  future  extensive  use  of  carbon  composites  in  empennage,  wing, 
and  fuselage  primary  structures  are  underway  or  planned. 

This  paper  briefly  reviews  the  pertinent  characteristics  of  carbon  composite  struc¬ 
tures.  It  then  outlines  their  current  and  projected  use  in  commercial  transports  and  other 
civil  aircraft,  in  military  fighter  aircraft,  and  in  helicopters.  Typical  examples  are 
cited  to  display  relevant  details  of  composition  and  construction. 


CHARACTERISTICS  OF  CARBON  COMPOSITE  STRUCTURES 

The  benefits  of  carbon  fiber  composite  materials  arise  from  their  higher  strength/ 
density  and  stiffness/density  ratios  compared  to  available  metal  alloys  and  other  compos¬ 
ites.  This  is  illustrated  in  figure  1,  (5).  As  illustrated  by  the  typical  ranges  of  values 
in  figure  1,  the  specific  strength  and  stiffness  of  fiber  composite  materials  vary,  not  only 
with  the  relative  fractions  of  fiber  and  matrix,  but  also  with  the  ply  stacking  sequence 
and  the  directional  relationships  of  applied  loads  to  the  directions  of  fibers  in  the  plies 
which  make  up  a  composite  laminate.  Because  practical  aircraft  structures  are  subjected 
to  a  varied  spectrum  of  flight  and  other  loads  leading  to  different  multiaxial  stress  states 
at  each  point  of  the  structure,  full-time  alignment  of  fibers  with  stress  directions  is  not 
possible.  Nor  is  such  alignment  generally  desirable  from  the  standpoint  of  acceptable 
defect  and  damage  tolerance  or  acceptable  durability  since  concentration  of  too  much  strain 
energy  in  today's  somewhat  brittle  carbon  fibers  can  lead  to  imperfection  sensitivity  and 
to  violent  failures.  Added  to  this  are  low  design-ultimate-strain  limits  (about  3000  pin/in 
for  commercial  transport  applications)  which  must  be  imposed  on  today's  composite  struc¬ 
tures  to  assure  acceptable  long  term  performance  of  currently  available  epoxy  matrix  mate¬ 
rials.  Thus,  practical  aircraft  applications  of  carbon  fiber  composites  now  and  in  the 
near  future  generally  relate  to  the  lower  strength  and  stiffness  values  in  figure  1.  In 
spite  of  this,  they  offer  component  weight  savings  in  the  20-30%  range  and,  with  further 
gains  possible  through  production  of  tougher  fiber  and  matrix  materials,  the  future  of 
carbon  fiber  composites  in  aircraft  structures  seems  assured. 


Property  variations  already  exist  of  course  among  the  fiber  and  matrix  materials  in 
use  today.  Table  1  pummarizes  some  of  the  basic  physical  properties  £6)  of  fiber  materials 
that  are  produced  in  sufficient  quantities  for  current  applications.  The  conductivity  of 
individual  fibers  varies  somewhat  as  indicated  by  the  relative  electrical  resistance  values 
in  Table  1  (7) .  These  were  measured  by  passing  low  levels  of  Direct  Current  through  1-cm- 
long  fibers  clamped  between  gold  contacts.  Substantially  higher  electrical  resistance 
values  for  carbon  fibers  may  be  feanible,  as  indicated  by  the  comparable  results  in  Table  2 
for  three  fibers  that  have  not  been  developed  to  readiness  for  structural  applications. 

The  conductivity  cf  epoxies  and  other  polymeric  matrix  materials  is  essentially  zero 
so  that  cross-fiber  conductivity  of  composite  arrays  depends  on  the  degree  of  fiber-to- 
fiber  contact  and,  thus,  on  fiber  volume  fraction.  Inductive  coupling  between  fibers  is 
also  a  factor  and  the  electrical  conductivity  of  finished  composite  laminates  is  clearly 
a  function  of  the  fiber  directional  array  and  stacking  sequence  in  the  laminate.  For 
example,  measured  directional  conductivities  of  a  upectrum  of  symmetric  orthotropic  lam¬ 
inates,  composed  of  plies  of  unidirectional  tapes,  is  given  in  Table  3  (8) . 

Not  reflected  in  such  results  is  the  recent  introduction  of  bidirectional  carbon  cloth 
(fig.  2) ,  which  is  "pre-pregged"  (impregnated  with  raw  epoxy  or  other  resin)  after  weaving, 
and  thus  may  pro'/ide  more  nearly  isotropic  conductivity  within  a  cloth  layer.  Cloth  is 
often  combined  with  tape  in  a  laminate  and  is  frequently  used  as  the  inner  surface  layer  of 
skins  and  stiffener  flanges  to  control  fiber  breakout  in  drilling  of  cured  composites. 
Exterior  surfaces,  whether  cloth  or  tape,  will  be  painted  in  virtually  all  applications  and 
use  of  aluminum  mesh  or  flame  sprayed  metal  coatings  over  critical  areas  for  lightning  pro¬ 
tection  is  not  uncommon.  Metal  fasteners,  as  well  as  these  metal  coatings,  will  always  be 
electrically  isolated  from  the  graphite  with  a  nonconductive  sealant  or  layer  to  prevent 
galvanic  corrosion  ot  the  metal  surface  at  the  interface. 


CARBON  COMPOSITE  STRUCTURES  IN  CIVIL  AIRCRAFT 

Applications  of  carbon  fiber  composites  to  commercial  transports  and  other  civil  air¬ 
craft  have  lagged  behind  applications  to  military  aircraft  because,  in  civil  applications, 
composites  must  not  only  save  substantial  weight  relative  to  competing  metal  designs,  but 
must  be  cost  competitive  as  well.  For  civil  transports,  additional  constraints  are  the 
inherently  great  sensitivity  of  certifying  authorities,  to  the  safety  implications  of  new 
technology,  tne  concern  of  users  that  unexpected  problems  may  cause  revenue  losses  from 
down  time,  and  the  necessary  conservatism  of  manufacturers  whose  warranties  include  life 
guarantees.  For  these  reasons,  introduction  of  carbon  composites  into  commercial  trans¬ 
ports  can  only  occur  gradually,  beginning  with  "secondary  structure,"  i.e.,  with  com¬ 
ponents  whose  failure  will  not  threaten  the  safety  of  the  aircraft  and  which  can  be 
quickly  replaced  if  failures  occur  within  the  aircraft  lifetime. 


Transport  Secondary-Structure  Applications 

Current  applications  of  carbon  fiber  composite  structures  in  commercial  transport 
aircraft  are  limited  to  flight  service  of  prototype  secondary  structures.  The  most  exten¬ 
sive  such  application  to  date  is  the  flight  of  27  Boeing  737  aircraft  with  up  to  four  com¬ 
posite  spoilers  on  each  aircraft  (fig.  3) .  The  spoilers  have  covers  of  aluminum-core 
honeycomb  construction  with  carbon  epoxy  skins  consisting  of  61%  fibers  in  a 
[15/-45/902/45/-15]  laminate  formed  with  tape.*  Three  different  carbon/epoxy  systems 
employing  both  Union  Carbide  T-300  and  Hercules  AS  (Courtaulds  A)  fibers  have  been  used  (9)  . 
Their  development  and  flight  service  has  been  supported  by  the  National  Aeronautics  and 
Space  Administration  (NASA)  and  Boeing  has  recently  projected  their  commitment  to  pro¬ 
duction  on  737  aircraft  as  early  as  1980  (10,11). 

A  second  current  application,  supported  by  NASA  in  the  context  of  its  Aircraft  Energy 
Efficiency  Program,  is  development,  and  flight  service  of  20  composite  upper-aft  rudders 
for  the  Douglas  DC-10  (fig.  4).  This  is  a  two-spar,  miltirib  structure  (fig.  5)  with  solid 
carbon/epoxy  spars,  ribs,  and  skins  consisting  of  70%  Union  Carbide  T-300  fibers  i'  tape 
arranged  in  [0/±45]s**  laminates.  The  aluminum  alloy  straps  and  a  cable  to  the  forward 
rudder  hinge  bracket  provide  a  conductive  path  for  lightning.  The  first  rudders  began 
flight  service  ir.  1977  and  all  nave  now  been  committed  to  flight. 


‘Fiber  fractions  designated  in  this  paper  will,  in  every  case,  refer  to  volume.  The 
arrangement  of  tapes  and  bidirectional  cloth  plies  to  form  a  laminate  will  be  designated 
by  specifying  fiber  direction  in  degrees  for  each  ply,  or  group  of  identically  oriented 
plies  (whose  number  is  denoted  by  a  subscript)  progressing  from  the  outer  to  inner  surface 
for  skins  and  spars.  Tor  .bidirectional  cloth,  the  direction  of  the  "warp"  fibers  is  indi¬ 
cated.  The  0°  direction  (denoted  by  0  without  the  degree  symbol)  will  refer  to  the  outboard 
spanwise  direction  for  ving  and  empennage  mounted  structures  and  the  forward  direction  for 
fuselage  mounted  structures. 

**Where  a  subscript  s  follows  the  brackets,  symmetry  with  respect;  to  the  centerline  of 
the  laminate  thickness  is  indicated  and  the  directional  designations  refer  to  only  the 
plies  in  the  outer  half -thickness. 


Current  commercial  flight  applications  of  limited  numbers  of  prototype , secondary  com¬ 
posite  structures  also  include  selected  components  developed  in  industry  IRAD  programs. 

For  example,  secondary  components  which  have  been  committed  to  flight  on  the  Douglas  DC-9 
and  DC-10  aircraft,  along  with  the  DC-10  upper  aft  rudder,  are  also  illustrated  in  figure  4. 
Included  are  engine  cowls  and  examples  of  lightly  loaded  fuselage  surface  structure  (landing 
gear  door,  tail  cone)  and  internal  floor  structure  as  well  as  vertical  tail  trailing  edge 
surface  panels  which  close  the  gap  between  the  control  surfaces  and  the  rear  spars. 

Further  commercial  transport  applications  of  carbon  composite  control  surface  struc¬ 
ture  in  the  near  future  have  been  accelerated  by  development  of  two  additional  such  composite 
structures  in  the  NASA  Aircraft  Energy  Efficiency  Program.  One  is  a  composite  inboard 
aileron  for  the  Lockheed  L-1011.  This  is  a  two-spar  rib-stiffened  structure  where  both 
covers  are  relatively  thin  sandwiches  with  syntactic/epoxy  cores  (epoxy,  filled  with  hollow 
glass  microspheres)  and  carbon/epoxy  face  sheets  consisting  of  61%  Union  Carbide  T-300 
fibers  in  3  plies  of  tape.  The  layup  for  each  cover  is  [45/0/135/syn]a  where  syn  desig¬ 
nates  the  syntactic/epoxy  layer.  The  front  spar  is  carbon/epoxy  tape  in  the  layup 
[45/0/135/0/90].  No  lightning  protection  is  prescribed.  Ten  shipsets  of  L-1011  carbon 
composite  ailerons  will  be  produced  for  flight  service. 

The  third  NASA- supported  control-surface  structures  effort  is  development  of  composite 
elevators  for  the  Boeing  727.  Their  construction  (fig.  6)  employs  sandwich  covers  and  a 
minimum  number  of  spars  and  ribs  with  sandwich  webs.  The  sandwich  covers  have  nomex  cores 
and  carbon/epoxy  face-sheets  consisting  of  64%  carbon  fibers  in  layups  illustrated  in 
figure  7.  Lightning  protection  consists  of  a  0.51  mm  (0.02  inch)  thick,  5.1  cm  (2  inch) 
wide  aluminum  alloy  strap  encircling  the  elevator  surface  over  the  outer  99  cm  (39  inches) 
of  length  (fig.  8) .  Five  shipSets,  manufactured  in  the  NASA  program  with  Union  Carbide 
T-300  fibers,  have  been  committed  to  flight  service  with  one  of  Boeing's  customers  for  the 
new  76‘5f;  nine  more  T-300  shipsets  are  being  assembled,  with  company  funds  for  flight  service. 

The  B-727  elevator  development  has  led  tt>  Boeing  commitment,  to  production  application 
of  generically  similar  carbon  composite  sandwich  construction  in  all  the  control  surfaces 
(elevators,  rudder,  aile»e»*,  and  spoilers)1 of  both  th*' 767  .and  757  aircraft  for  introduc¬ 
tion  into  airline  service. in  19, #2  and  1983  respectively.  As  shown  in  figure  9  for  the  767, 
carbon  fiber  use  on  the**  aircraft,  in  a  hybrid  composite  with  Kevlar  fibers,  extends  alBo 
to  the  fixed  trailing  edge  panels  behind  the  wing  and  tail  rear  spars,  the  wing-body 
fairings,  landing  gear  doors,  engine  cowls  and  wing  leading  edge  access  panels.  The  carbon 
fiber  is  again  Union  Carbide  T-300  in  a  tape  inner  layer  which,  with  an  outer  Kevlar  cloth 
ply,  makes  up  the  face  sheets  of  nomex-core  honeycomb  sandwich.  Carbon  fiber  composites 
used  in  the  767  total  some  1300  Kg  (2900  lb).  Note  also,  in  figure  9,  the  extensive  use 
of  fiberglass  and  Kevlar  composites. 

While  curren*-  plans  for  fuselage  interior  composite  secondary  structure  on  the  Boe¬ 
ing  767  (fig.  9)  cite  fiberglass  floor  panels  (fig.  10) ,  the  use  of  carbon  fibers  in  such 
structure  appears  to  be  growing.  For  example,  limited  use  of  carbon  composite  floor  panels 
is  already  occurring  on  a  small  number  of  the  Boeing  747's  and  747SP's  produced  and  recent 
projections  (10,11)  indicate  that  by  1983,  use  of  carbon  composites,  as  a  customer  option, 
may  be  extended  to  greater  floor  panel  areas,  the  overhead  storage  bins,  and  ceiling  panels. 
In  fact,  carbon  composite  ceiling  panels  and  storage  bins  (fig.  10)  are  also  projected  for 
the  Boeing  707,  727,  737,  757,  and  767  aircraft  with  some  of  these  applications  possibly 
occurring  as  early  as  1981.  And  carbon  composite  floor  beams  and  panels  on  half  the 
Lockheed  L-1011's  produced,  beginning  in  1983,  is  also  projected  (10).  The  matrix  mate¬ 
rials  in  such  applications  will  probably  be  phenolics,  but  electrical  properties  should  be 
comparable  to  carbon/epoxy  structures.  Of  course,  in  every  case,  this  internal  carbon 
composite  structure  is  entirely  surrounded  by  a  metal  fuselage  shell. 

Transport  Primary-Structure  Applications 

Early  production  applications  of  carbon  composites  to  commercial  transport  primary 
structure  are  unlikely,  but  such  structure  will  reach  the  prototype  flight  service  stage  in 
1981  in  the  context  of  NASA's  Aircraft  Energy  Efficiency  Program.  Primary  structures  under 
development  in  this  program  includG  the  Boeing  737  Horizontal  Stabilizer  box  (fig.  3)  which 
is  a  two-spar  structure  with  eight  ribs  and  I-stiffened  skins  consisting  of  62%  Union 
Carbide  T-300  fibers.  The  skins  have  5'  to  15  plies  of  bidirectional  cloth  and  2  to  4  plies 
of  tape  with  the  outer  surface  layers  tape  oriented  in  the  ±45°  directions  and  the  inner 
surface  layer  cloth.  Skin  stiffeners,  spars,  and  ribs  are  also  largely  cloth  construction 
with  six  or  more  layers.  Lightning  protection  is  provided  by  aluminum  flame  spray  over  the 
outer  48  cm  of  the  stabilizer  box  plus  metal  tip,  leading  edge,  and  trailing  edge  structure 
(fig.  3)  . 

A  second  carbon  composite  primary  structure  under  development  in  the  NASA  program,  is 
the  vertical  fin  box  of  the  Lockheed  L-1011  (fig.  11) .  Its  construction  is  illustrated  by 
figure  12.  The  covers  are  hat  stiffened  skins  with  10  to  40  plies  of  tape  in  the  skins  and 
20  full-length  plies  of  tape  in  the  hat  stiffeners.  The  outer  and  inner  skin  plies  are 
oriented  in  the  ±45°  direction.  The  spars  have  20  to  24  plies  of  tape  in  their  webs  and 
10  to  12  plies  in  their  caps.  Most  ribs  have  aluminum  truss  members  for  webs.  The  fiber 
is  again  Union  Carbide  T-300  and  the  fiber  volume  fraction  is  62%  to  68%.  No  external 
lightning  protection  for  the  fin  covers  is  currently  planned,  although  a  special  conductive 
joint  is  provided  between  the  covers  and  metal  leading  and  trailing  edge  structure. 

The  third  commercial  transport  carbon  composite  primary  structure,  under  current 
development  in  the  NASA  program  is  the  Douglas  DC-10  vertical  stabilizer  (fig.  4).  This 
structure  is  an  array  of  4  spars  and  13  ribs  all  of  which  have  sine-wave  webs  consisting 
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of  2  to  5  layers  of  bidirectional  cloth.  Covers  are  sandwich,  with  58-ply  spar  and  rib 
caps  built  in  and  nomex  honeycomb  with  2  45°  cloth  plies  in  the  outer  face  sheet  and  1  45° 
ply  for  the  inner  face  sheet.  Laminates  are  65%  Union  Carbide  T-300  fibers.  As  shown  in 
figure  13,  the  vertical  stabilizer  has  two  antennae  near  its  upper  end  and  lightning  pro¬ 
tection  is  provided  by  an  aluminum  flame  spray  coating  over  the  whole  surface  (except  the 
antennae)  plus  aluminum  tip  and  leading  edge  structure,  and  conductive  joints  at  the  rudder 
hinges  and  skin  panel  edges. 

Production  applications  of  the  carbon  composite  empennage  primary  structure  being 
developed  in  the  NASA  ACEE  Program  are  unlikely  because  economically  the  competitors  are 
metal  components  well  down  the  manufacturing  cost  curve.  However,  new  designs  of  empennage, 
for  aerodynamic  or  other  reasons,  could  well  be  produced  as  early  as  the  mid-1980's  in 
generically-similar  carbon  composite  forms. 

The  application  of  carbon  composites  to  commercial  transport  wing  primary  structures 
was  studied  in  the  NASA  ACEE  Program  (12,13,14)  and  electromagnetic  effects  was  identified 
as  a  major  technology  issue.  Wing  primary  structure  will  include  many  plies  of  carbon  tape 
or  cloth  near  the  root,  with  thicknesses  near  the  trp  on  the  order  of  thicknesses  of  the 
above-cited  empennage  structures.  While  application  of  carbon  composites  to  commercial 
transport  wing  and  fuselage  primary  structures  is  certain  if  fuel  costs  continue  to  rise, 
such  applications  are  unlikely  to  occur  before  1990.  Thus,  for  current  and  near-future 
applications  of  carbon  composites  to  wing  and  fuselage  primary  structures,  one  must  look 
to  smaller  aircraft  for  private  or  military  use. 

"General  Aviation"  Aircraft  Applications 

Application  of  carbon  composites  to  secondary  structures  of  general  aviation  aircraft 
has  only  just  begun  with  the  use  of  carbon/epoxy  flaps  and  spoilers  on  the  Cessna  Cita¬ 
tion  III.  In  spite  of  this  late  start  by  the  general  aviation  industry,  one  manufacturer 
(LearAvia  Corporation)  has  already  launched  the  development  of  the  world's  first  "all¬ 
carbon-composite"  production  aircraft,  the  Lear  Fan  2100.*  This  is  a  10-place,  twin-engine 
turboprop  aircraft  with  a  12.2  meter  (40  foot)  wing  span  and  a  12.2  meter  (40  foot) 
fuselage  length.  Tooling  preparation  is  underway  and  production  of  some  structural  parts 
for  the  first  (prototype  flight  test)  vehicle  has  begun. 

As  shown  in  the  exploded  view  of  the  Lear  Fan's  air  frame  and  propulsion  elements  in 
figure  14,  the  only  elements  with  substantial  metal  content,  besides  the  engines,  drive 
train,  transmission,  and  landing  gear,  are  an  aluminum  nosewheel-well  structure  and  the 
fuselage  floor,  which  is  paneled  with  an  aluminum  layer  electrically  connected  to  the 
wheel-well  structure  to  form  a  conductive  path  front-to-back  at  the  floor  line.  Avionics 
boxes  are  mounted  on  the  nosewheel-well  structure  to  provide  a  ground  plane  and  electrical 
conductors  are  routed  along  the  underside  of  the  floor. 

Exterior  skin  construction  (fig.  14)  consists  of  4  or  more  plies  of  T-300  woven  car¬ 
bon/epoxy  cloth  (Fiberite  "8-harness  Satin")  except  for  the  tip  of  the  forward  fuselage  cone 
which  is  a  Kevlar/epoxy  radome.  The  fuselage  is  reinforced  with  carbon/epoxy  frames  and 
stringers  and  pressure  bulkheads  are  nomex-core  honeycomb  with  woven  cloth  carbon/epoxy 
face  sheets.  The  wings  have  three  tip-to-tip  channel-section  spars  and  a  number  of  ribs 
consisting  of  multiple  layers  of  the  woven  carbon/epoxy  cloth.  Empennage  construction  is 
similar.  There  is  some  use  of  carbon/epoxy  tape  in  the  caps  of  the  various  stiffening 
elements.  Design  specifications  call  for  maintaining  slightly  less  than  60%  fiber  volume 
fraction  throughout. 

Lightning  protection  for  the  entire  fuselage  of  the  Lear  Fan  2100  is  intended  since 
its  full  length  is  a  direct  strike  zone.  Aluminum  strips  are  planned  on  the  randome  and 
an  aluminized  fiberglass  or  aluminum  flame  spray  layer  will  be  applied  over  the  rest  of 
the  fuselage  surface.  An  alternate  system  under  investigation  involves  aluminum  wifi 
interwoven  with  graphite  fabric.  Other  areas  requiring  this  protection  are  the  wir.g 
roots,  tips  and  trailing  edges. 


CARBON  COMPOSITE  STRUCTURES  IN  MILITARY  AIRCRAFT 

The  United  States’  military  services  have  led  the  way  in  both  research  and  development 
toward  carbon  composite  structures  and  in  their  production  applications.  Secondary  struc¬ 
ture,  of  course,  came  first.  Carbon/epoxy  underwing  fairings  on  United  States  Air  Force 
F-lll's  were  introduced  into  service  on  production  aircraft  in  1971  and  speed  brakes  n 
Air  Force  F15's  were  converted  to  carbon/epoxy,  beginning  in  1975.  Production  applications 
of  carbon  composites  to  empennage  primary  structure  quickly  followed,  building  on  extensive 
earlier  applications  of  boron  composites.  For  example,  the  Air  Force  F-16,  with  a  carbon/ 
epoxy  horizontal  stabilizer  and  carbon/epoxy  vertical  stabilizer  skins,  first  flew  in  1976. 
Because  a  detailed  review  of  these  would  add  little  to  what  has  been  said  above,  we  will 
move  on  instead  to  examples  which  include  the  earliest  applications  of  carbon  composites 
to  wing  primary  structure  and  illustrate  the  outlook  for  such  applications  to  fuselage 
primary  structure.  We  will  also  review  the  status  of  carbon  composite  applications  to 
helicopters  and  the  outlook  for  extensive  helicopter  applications. 


*The  authors  are  indebted  to  Mr.  R.  Tracey  and  colleagues  of  LearAvia  Corporation,  Reno, 
Nevada  for  the  information  on  the  Lear  Fan  2100  which  is  presented  in  this  paper. 
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Fighter  Aircraft  Primary-Structure  Applications 

Beginning  in  the  latter  half  of  the  1970 's,  two  United  States  Navy  aircraft  emerged 
with  extensive  applications  of  carbon/epoxy  composites  in  production  structure  (15)  .  One 
of  these  is  the  F-18  (fig.  15)  in  vhich  carbon  composites  comprise  almost  10%  of  the 
structural  weight  and  over  50%  oi  the  surface  area.  They  are  used  in  the  wing  skins  and 
the  horizontal  and  vertical  tail  primary  load-carrying  boxes,  as  well  as  in  wing  and  tail 
control  surfaces,  the  speed  brake,  leading  edge  extension,  and  miscellaneous  doors. 

The  F-18  carbon  composite  wing  skins  are  70%  Hercules  AS  (Courtaulds  A)  fibers  in  a 
solid  quasi-isotropic  laminate.  Thickness  varies  from  root  to  tip  with  the  minimum  thick¬ 
ness  equivalent  to  40  5-mil  plies  of  tape  in  a  layup  consisting  of  48%  each  0°  and  ±45° 
plies  and  4%  90°  plies.  Construction  of  the  tail  primary  structure  is  comparable. 

The  most  ambitious  military  use  of  composites  to  date  is  on  the  United  States  Navy's 
AV-8B  (fig.  16)  where  26%  of  the  structural  weight  is  carbon-epoxy  structure.  Carbon  com¬ 
posite  components,  with  70%  Hercules  AS  (Courtaulds  A)  fibers,  include  the  wing  load-carry¬ 
ing  box  and  forward  fuselage  primary  structure  as  well  as  the  horizontal  stabilizer, 
elevators,  rudder,  overwing  fairing,  ailerons,  flaps  and  lift-augmentation  devices.  Con¬ 
struction  of  the  AV-8B  wing  and  associated  secondary  structure  is  illustrated  in  figure  17. 
The  wing  skins  are  one-piece  tip-to-tip  laminates  with  a  minimum  thickness  equivalent  to 
20  5-mil  plies  of  "unidirectional  broadgoods"*  in  a  layup  composed  of  15%  each  0°  and  90° 
plies,  30%  each  ±22\°  and  ±45°  plies,  and  10%  ±67^°  plies.  The  skins  are  mechanically 
fastened  to  a  multi-spar  sub-structure  with  sine-wave  webs  where  the  material  is  bidirec¬ 
tional  woven  cloth.  Aluminum  leading  edge  and  tip  structures  channel  lightning  currents 
around  the  carbon/epoxy  fuel-carrying  box. 

As  also  seen  in  figure  17,  skins  of  the  wing  trailing  edge  secondary  structures  are 
also  unidirectional  broadgoods  and  sub-structure  is  bidirectional  cloth,., except  for.  the 
flap  slot  door  which  is  full-depth-honeycomb  construction.  Construction  of  the  horizontal 
stabilizer  is  similar  to  the  wing,  except  for  use  of  tape  in  the  covers  an’d  flat,  laminated 
webs  in  the  spars.  ..  ■ 

The  AV-8B  carbon  composite  forward  fuselage  development  was  initiated  some  two  years 
ago  (16,17).  This  structure  envelops  the  crew  station  and  AV-BB  equipment  and  systems) 
therefore,  development  testing  has  included  assessment  of  electromagnetic  effects.  It  is 
all  carbon/epoxy,  stiffened  solid  laminate  with  longerons,  bulkheads,  and  frames  (fig.  18) . 
The  sidewalls  are  co-eured  with  hat  stiffeners)  skins  are  bidirectional  cloth  construction 
with  a  minimum  thickness  of  5  plies  in  a  [45/0/45/0/45]  laminate.  The  floor,  bulkheads, 
and  frames  are  the  same  basic  construction  as  the  sidewalls  with  cloth  wabB  and  co-curod 
hat  stiffeners. 

Because  substantial  further  weight  reduction  through  advanced  composites  can  only  be 
achieved  by  fuselage  applications  and  mission  requirements  establish  a  neod  for  12-15% 
further  reduction  in  system  structural  weight  of  some  aircraft  tyjas,  a  current  major- 
development  thrust  toward  fuselage  applications  iB  underway  (16) .  Two  United  Statea  Navy 
programs  are  addressing  carbon  composite  structures  for  the  center  and  aft  fuselage  sec¬ 
tions  of  V/STOL  patrol  aircraft,  for  example  (18,19))  one  of  these  is  an  all  carbon/epoxy 
stiff ened-skin  design  while  the  other  is  a  hybrid  Kevlar/carbon/epoxy  design.  Relative 
to  this  thrust,  questions  of  systems  compatibility,  including  electromagnetic  interference 
and  electromagnetic  pulse  effects,  are  recognized  as  key  technical  issues  (16) . 

It  is  apparent  that  carbon  composite  structural  applications  in  f lighter,  and  other 
military  aircraft  will  continue  to  increase,  and  that  carbon  composite  fuselage  construction 
must  be  expected  in  future  military  aircraft.  Whether  fixed-wing  military  aircraft  will 
approach  "all-composite"  construction  still  remains  to  be  seenj  but  projections  of  50% 
advanced  composite  structure  by  weight  may  be  found  (16) . 

Helicopter  Applications** 

The  limited  current  use  of  carbon  composites  on  production  helicopters  is  typified  by 
use  of  carbon  fibers  for  rotorblade  reinforcement.  However,  extensive  use  of  fiberglass 
and  Kevlar  in  fuselage  secondary  structure  is  already  common  and  fuselage  applications  of 
carbon  filaments  can  be  expected  soon.  For  example,  figure  19  shows  projected  use  of  car¬ 
bon  on  the  Hughes  Advanced  Attack  Helicopter  (AAII)  where  development  of  the  carbon  composite 
tail  boom  and  vertical  stabilizer  have  already  begun.  Use  of  carbon  fibers  in  the  tail  boom 
and  fin  of  the  Sikorsky  UH-60  Blackhawk  (also  known  as  the  Utility  Tactical  Transportation 
Aircraft  System)  is  also  projected,  but  in  a  hybrid  combination  with  Kevlar.  Various 
miscellaneous  applications,  to  landing  gear  struts,  rotor  hubs,  rotor  gear  boxes,  etc.,  are 
also  being  explored. 


‘Though  they  have  the  width  of  bidirectional  cloth,  "unidirectional  broadgoods"  have  the 
structural  and  electrical  characteristics  of  tape  in  that  they  consist  of  about  95%  parallel 
carbon  filaments  and  about  5%  interwoven  transverse  dacron  filaments. 

“The  authors  are  indebted  to  J.  Waller,  T.  Mazza  and  A.  Gustafson  of  the  Applied  Technology 
Laboratories  U.S.  Army  Research  and  Technology  Laboratories,  Fort  Eustis,  Virginia,  for  the 
information  contained  in  this  section  and  the  associated  figures. 
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Carbon  fibers  used  in  current  helicopter  structures  applications  are  the  same  as  those 
used  in  fixed-wing  aircraft  structures;  most  current  applications  involve  Union  Carbide 
T-300  fibers.  The  tail-boom  configuration,  however,  lends  itself  to  efficient  fabrication 
by  filament  winding  and  this  approach,  with  realistic  limits  on  filament  tension,  leads  to 
structures  with  fiber  volume  fractions  as  low  as  50%.  Thus,  cross-fiber  conductivities, 
and  possibly  laminate  conductivities,  may  be  relatively  low  in  such  applications. 

Even  more  extensive  applications  of  carbon  composites  ii .  the  more  distant  future  are 
likely  to  follow  from  the  U.S.  Army's  Advanced  Composite  Airframe  Program  (ACAP) .  As 
illustrated  in  figure  20,  this  program  is  exploring  composites  application  to  virtually 
every  element  of  fuselage  structure  and  both  tail  surfaces.  Primary  structure  is  carbon 
or  carbon/Kevlar  hybrid  composite  while  secondary  ctructure  is  fiberglass.  Five  contractors 
are  completing  preliminary  designs  of  composite  advanced  versions  of  one  of  their  existing 
aircraft;  the  program  will  continue  with  two  contractors  procaeding  to  detail  design, 
ground  test,  fabrication  by  each  of  one  advanced  composite  vehicle,  and  flight  demonstration 
about  3  years  hence.  Lightning  protection  specifications  are  such  as  to  generally  require 
addition  of  some  form  of  protective  metal  screen. 

Such  an  extensive  application  of  carbon  composites  to  military  helicopters  will  not 
likely  occur  for  at  least  five  years.  However,  competitive  pressures  may  stimulate  ear¬ 
lier  introduction  of  some  cf  the  advanced  components  explored  ir.  the  Advanced  Composite 
Airframe  Program,  sinco  three  of  the  five  preliminary  designs  are  derivatives  of  commercial 
helicopters. 


SUMMARY 

Current  carbon  composite  applications  to  commercial  transports  are  limited  to  secondary 
(non-f light-critical)  structures,  but  this  use  is  already  extensive  on  two  new  Boeing  air¬ 
craft  and  will  soon  be  widespread,  involving  fuselace  as  well  as  wing  and  tail  secondary 
components.  Carbon  composite  empennage  primary  structure  for  transports  is  also  under 
development  and  production  applications  can  be  expected  by  the  mid-1980's.  Development  of 
composite  wing  and  fuselage  structure  for  commercial  transports  is  certain  to  follow  as 
fuel  costs  rise. 

"General  aviation"  aircraft  applications  of  carbon  composites  have  only  just  begun, 
but  may  soon  lead  the  way  with  the  first  all-carbon' composite  aircraft  structure,  which 
is  already  under  development  for  tho  10-pluce  Lear  Fan  2100. 

In  the  meantime,  military  aircraft  production  commitments  of  carbon  composite  structure 
have  already  progressed  to  empennage  and  wing  primary  structure  and  to  part  of  a  fuselage 
structure  in  two  United  States  Navy  fighter  aircraft.  Moreover,  need  for  performance  gains 
is  forcing  the  rapid  development  of  capability  for  further  application  of  carbon  composites 
to  complete  fuselages. 

Helicopter  production  applications  of  carbon  composites  are  also  projected  to  soon 
include  tail  booms  and  other  primary  structure  and  the  United  States  Army  is  vigorously 
exploring  the  potential  of  all-composite  airframes,  with  use  of  carbon  fibors  in  primary 
structure,  for  possible  future  applications. 

In  summary,  carbon  composite  materials  are  already  finding  limited  use  in  both  civil 
and  military  aircraft  structures  to  exploit  their  weight-saving  potential  for  improved 
performance  or  fuel  efficiency.  Since  these  needs  are  growing,  and  a  manufacturing-cost- 
savings  potential  is  also  recognized,  wider  use  of  composites  in  the  near  future  may  be 
expected.  Carbon  composites  generally  involve  fiber  volume  fractions  in  excess  of  60%  in 
a  variety  of  orthotropic  sandwich  or  solid  laminates.  Bidirectional  woven  carbon  cloth, 
common  in  recently  designed  structure,  may  provide  higher,  more  uniform  laminate  conduc¬ 
tivities  than  tape. 
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TABLE  1.  Physical  Properties  of  Available  Carbon  Fibers 
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MANUFACTURERS 
AND  FIBER 
DESIGNATIONS 

MASS 

DENSITY 

GM/CM3 

ULTIMATE 

STRENGTH, 

109N/M2 

YOUNGS 

MODULUS, 

109N/M2 

ELECTRICAL  RESISTANCE,  K  OHMS  * 

_  - 

MAX. 

MIN. 

AVE. 

UNION  CARBIDE 

T-300 

1.74 

2.24 

234 

6.5 

5.5 

6.2 

HERCULES 

(COURTAULDS) 

AS  (A) 

L80 

2,07 

193 

49 

3.2 

40 

HTS 

1.72 

Z  41 

248 

5,2 

3.4 

43 

HMS 

L88 

2.07 

365 

3.9 

2.0 

2.3 

CELANESE 

GY-70 

L97 

1.72 

531 

41 

16 

2.9 

C-6000 

176 

2.76 

234 

8.4 

43 

6.4 

•  APPROXIMATE  VALUES  FOR  COMPARISON  PURPOSES,  OBTAINED  WITH  1  CM 
LENGTH  SINGLE  FIBERS  CLAMPED  BETWEEN  GOLD  CONTACTS  (REF  7). 


TABLE  2.  Electrical  Resistances  of  Early  Experimental  Fibers  (Ref  7) 


FIBER  DESIGNATIONS 

ELECTRICAL  RESISTANCE,  K  OHMS  * 

MAX. 

MIN. 

AVE. 

DE-110 

320 

160 

200 

DE-112 

20 

14 

16 

DE-114 

89 

75 

80 

*  APPROXIMATE  VALUES  OBTAINED  FOR  COMPARISON  WITH  TABLE  1 
VALUES  BY  THE  SAME  PROCEDURE. 


TABLE  3.  Measured  Conductivities  of  Some  Orthotopic  Layups  (Ref  8) 


MEASURED  CONDUCTIVITY  (mhos/m) 

for  current  in  the: 

0°  DIRECTIONS 

90°  DIRECTIONS 

7000 

3000 

5000 

1700 

8000 

2500 

5333 

1540 

5000 

2500 

(0  /  901s 


10  /  45  /  90!  $ 


[0  /  ±45  /  901  s 


10  /  ±45  /  0  /  901  s 


[0  /  ±45  /  0  /  90  /  901  s 


[0/90/  ±45/  ±45/  90  /  01  s 


*  s  denotes  a  symmetrical  layup;  that  is,  one  half  the  number  of  layers  are  specified 
from  left  to  right  as  they  exist  from  the  outer  surface  to  the  center  of  the  laminate. 

2*°  r  A  UNIDIRECTIONAL  LAMINATE 

I  O  ISOTROPIC  LAMINATE 


STRENGTH 

DENSITY 


,  Pa  m3/kg 


S-GLASS 


STEEL 

Ti 

Al 


ASS 

// 

BORON  // 

// 

//  CARBON 


20  50 

MODULUS  _ 

,  Pa  m%g 
DENSITY  y 


FIGURE  1.  Specific  Strength  and  Stiffness  of  Composites  and  Metals 


FIGURE  6.  Construction  of  Composite  B-727  Elevators 
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FIGURE  7.  Layup  of  Composite  B-727  Elevator  Skins  at  Rib  Location 
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FIGURE  9.  Composite  Structure  on  the  Boeing  767 
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FIGURE  10.  Ceiling  Panels  and  Over^eaa  Storage  Bin 
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FIGURE  11.  L-1011  Advanced  Composite  Vertical  Fin  (ACVF) 
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FIGURE  12.  L-1011  ACVF  Structural  Configuration 
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Lightning  Protection  System  of  DC-10 
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FIGURE  15. 


Carbon  Composite  Stiuctures  on  the  F-18 
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molded  side  shell  with 
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AND  FLOORS 
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Construction  of  AV-8B  Carbon  Composite  Forward  Fuselage 


MS 


2-1 


EFFET  DE  L’ENVIRONNEMENT  EN  SERVICE  SUR  LES  MATERIAUX  COMPOSITES 
(RESUME  DU  CONGRES  D’ATHENES  -  AVRIL  SO) 

par 

George  Judd 
Aerospatiale 
Paris,  France 


Les  21  communications  qui  constituaient  ce  congrds,  ^parties  en  5  sessions  ont,  sinon  apportd  la  rdponse  a  toutes 
les  preoccupations,  au  moins  pcrmis  de  faire  le  point  des  connaissances  et  de  l’expdricnce  actuelles  sur  le  comportement 
des  matdriaux  composites  sounds  d  I’ensemble  des  agressions  physiques  et  mdcaniques  que  l’on  a  aujourd’hui  1’habitude 
de  regrouper  sous  le  vocable  d’“environnement”. 

Une  chose  est  certaine:  chacun  des  auteurs  dtait  dans  sa  speciality,  un  specialiste  eminent,  et  souvent  reconnuc 
comme  exprimant  l’opinion  la  plus  qualifiee,  de  telle  sorte  que  1’enscinble  des  exposes  constituc  vraiment  la  documenta¬ 
tion  la  plus  rdeente  et  la  plus  pertinente  sur  les  divers  aspects  de  ce  vaste  sujet. 

La  premiere  session  etait  consacrde  aux  effets  physico-chimiques  de  1’environnement.  Elle  comportait  quatre 
exposes  d’ou  deux  probldmes  dtaient  particulierement  pris  en  consideration.  Tout  d’abord,  la  sensibility  du  composite  d 
l’humiuite.  II  s’agit  d’une  question  importante  qui  a  justifie,  c.hcz  tous  les  constructeurs  et  les  organismes  de  recherche, 
unc  immense  somme  de  travail.  La  tenuc  a  1’humidite  est  en  effet  la  preoccupation  mqjeure  des  utilisateurs  de  plastiques 
arm6s,  la  manifestation  essenticllc  du  vieillisscment  dont  la  crainte  se  substitue,  dans  1’usage  des  polymdrcs,  d  celle  de  la 
corrosion  des  rndtaux. 

Cette  crainte  se  fonde  sur  un  grand  nombre  d’essais  de  laboratoire  ou  1’influence  de  l’humidite  est  d’autant  plus  mise 
en  evidence  qu’elle  se  trouve  en  combinaison  avec  un  autre  ph6nomdne  physique:  chaleur,  fatigue  etc. 

Pendant  longtemps  on  s’est  borne  d  constater  le  phdnomdne  et  d  sc  contenter  de  mesurer  la  perte  de  resistance  qui  en 
rdsulte.  Ceci  a  donnd  lieu  d  des  mdthodes  experimentales  dites  de  ‘vieillissement  accdiere’’  dans  lesquelles  on  s’effor^ait 
d’acccntuer,  en  general  par  la  chaleur,  1’effet  de  l’ingestion  d’eau  sur  la  resistance  et  la  coherence  de  la  structure.  Ccs 
methodes,  souvent  extremement  sdveres,  avaient  plus  ou  moms  la  pretention  de  representer  un  analogic,  par  concentra¬ 
tion  du  temps,  avec  le  phdnomdne  d’exposition  naturelle  en  service. 

Cette  analogic  ne  fut  jamais  parfaitement  demonlrdc  et  les  essais  accdldrds  ont  eu  surtout  le  merite  de  determiner 
un  classement  dans  la  susceptibility  du  materiau,  le  seuil  admissible  d’acceptation  demeurant  encore  sujet  de  discussion. 

Depuis  quelques  annees,  le  phdnomdne  de  diffusion  de  l’humidite  dans  la  matricc  organique  est  accessible  au  calcul 
et  des  theories  ont  etd  dtublies  qui  permettent  de  prdvoir,  dans  une  ambiance  donnde,  la  quantity  d’eau  absorbde  au  bout 
d’une  certaine  durde  d’exposition.  On  peut  alors,  theoriquement  du  moins,  relier  cette  notion  d  celle  de  revolution  de 
la  resistance,  de  la  rigidity  dans  des  conditions  d’impregnation  identiques.  Une  certaine  correlation  entre  les  calculs  et 
les  essais  a  pu  etre  ainsi  observye,  en  considdrant  toutefois  que  la  determination  des  coefficients  de  diffusion  caractdris- 
tiques  de  chaque  resine  et  destines  d  etre  incorpords  dans  le  calcul  n’est  encore  accessible  que  par  la  voie  experimentalc. 

Les  auteurs  ont  ainsi  confirmd  l’influence  de  1’humiditd  sur  les  composites,  d’autant  plus  sensiblcs  qu’il  s’agit  de 
parois  minces.  M.  Bergman  (RFA)  a  montrd  que  l’absorption  d’eau  dans  les  revetements  peu  dpais  de  panneaux  sandwichs 
pouvait  provoquer  des  pertes  de  resistance  allant  jusqu  a  50%.  L’eau  introduite  dans  les  cellules  du  nid  d’abeillcs  peut 
meme,  en  cas  d’dchauffement  ultdrieur,  provoquer  le  ddcollement  sous  la  pression  de  la  vapeur. 

Toutefois,  comme  le  souligne  M.  Edge  de  la  BAE,  les  essais  de  laboratoire  conduisent  gdn6ralement  a  accentuer  le 
phdnomdne  d’absorption  bien  au-deld  des  valours  rdellement  observdes  en  pratique.  Elies  tendent  a  atteindre  la  limitc  de 
saturation  du  materiau  alors  que  les  mesures  effectudes  sur  les  elements  en  service  montrent  qu’il  sembe  exister  un  seuil 
d’dquilibre  qui  ddpasse  rarement  un  taux  d’humidite  de  1%,  valeur  pour  iaquelle  les  pertes  de  proprietds  mdcaniques  sont 
minimes. 


Les  conclusions  des  divers  auteurs  n’en  demeurent  pas  moins  prudentes  et  component  le  souci  d’une  hyphothdse 
conservative  de  forte  absorptivity.  Lc  cas  d’un  sdjour  prolongd  en  ambiance  tropicale,  par  exempie,  peut  se  rcncontrer  et 
ddplacer  ddfavorablement  ie  seuil  d’dquilibre  observe  en  regions  tempdrees. 
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L’autrc  probldme,  qui  retient  particulidrement  l’attcntion  des  expdrimentatcurs  est  les  comportement  en  ambiance 
spatiale,  ct  notamment  dans  le  vide. 

L’utilisation  des  composites  se  ddveloppe  sur  les  satellites  et  le  risque  d’altdration  par  ddgazage  n’est  plus  aujourd’ 
hui  considdrd  coniine  trds  important.  Les  travaux  rapportds  par  M.  Tennyson  (Canada)  et  M.  Barboni  (Italie)  montrent 
que  des  propridtds  importantes  comme  le  coefficient  de  dilatation  quc  Ton  sait  ddtenniner  par  le  calcul,  d’aprds 
l’orientation  des  couches,  sont  Idgdrement  affectdes  dans  le  vide.  II  cn  est  de  m£mc,  de  fafon  toutefois  non  inquidtante, 
pour  les  propridtds  mdcaniques,  encore  que  l’agcnt  Cuimind  par  le  phdnomdne  de  ddgazage  soit  gdndralemcnt,  ct  ici  encore, 
l’humiditd. 

La  seconde  session,  sur  i’environnement  superposd  a  la  sollicitation  mdcaniquc,  s’cst  attachdc  d  dtablir  les  lois 
d’endommagement  de  la  structure  composite  selon  des  spectres  conventionnels,  avcc  ou  sans  superposition  do  l’cffet  de 
l’huiniditd  ct  de  la  chaleur.  Cette  combinaison  s’cst  montrde,  comme  on  pouvait  s’y  attcndrc,  ncttement  plus  ddfavorable 
au  matdriau  quc  l’cffet  d’un  facteur  isold. 

II  n’a  malheureuscment  pas  dtd  possible  d’dtablir  des  rdgles  pouvant  pcrmettre  de  prddire,  la  durde  cn  fatigue  ct  unc 
poursuitc  de  l’cxpdrimentation,  par  exemplc,  sous  des  cycles  simulant  un  nombre  de  vols,  s’avdrc  ndccssaire. 

L ’ensemble  des  ddgradations  observdes  suggdre  ndanmoins  qu’avec  les  limites  de  sdcuritd  actucllemcnt  appliqudes 
dans  les  structures,  la  tenuc  d  la  fatigue  n'est  pas  un  probldme  inquidtant.  On  peut  d’aillcurs  ajoutcr  qu’il  s’agit  mdme 
Id  d’un  avantage  trds  important  du  composite  sur  lc  mdtal. 

La  troisidme  session  dtait  consacrde  aux  solicitations  mdeaniques  aldatoires,  ct  notamment  d  1’cffet  des  impacts 
accidcntels. 

Un  exposd  de  M.  Torres  (France)  sur  la  remarquable  rdsistance  des  pales  a’hdlicoptdrcs  cn  composite,  illustrd  d’un 
film  montrant  lc  scctionnemcnt  de  madders  de  20  cm  de  c6td  a  vivement  impressiond  l’auditoirc  et  contredit,  dans  cc 
cas  particular,  la  rdputation  peu  flatteuse  du  composite  d  cet  dgard. 

Lc  phdnoindnc  de  l’impact  sur  les  composites  a  dtd  analysd  par  M.  Dorcy  (Royaume  Uni)  qui  a  observd  une  bonne 
corrdlation  entre  I’essai  Charpy  et  la  tdnacitd.  L’impact  provoque  une  rdduction  importantc  de  la  rdsistance  qu’il  est 
possible  d’amdliorer  par  des  couches  de  tissus  de  Kevlar  ou  de  verre  disposdes  cn  surface. 

M.  Card  (USA)  a  rapportd  une  sddc  d'essais  trds  significatifs  sur  l’impact  de  panneaux  sous  chargcment  cn  compres¬ 
sion.  Les  essais  ont  montrd  I’cxistencc  d’un  seuil  oh  un  impact  de  15  joules  provoque  l’effondremcnt  du  panneau  lorsque 
la  ddfomiation  imposde  est  de  3%,  valeur  relativemcnt  modeste  et  frdquemment  attcinte  dans  les  dimensionnements 
actuels.  L’essai  est  effcctud  avec  une  rdsine  d  faible  allongement  ( 1  %)  ct  il  est  considdrd  qu’une  plasticitd  portde,  par 
exemplc  d  4%  amdliorerait  considdrablement  les  rdsuitats. 

M.  Aoki  (RFA)  indique,  de  son  cdtd,  que  rdsistance  d  la  fatigue  est  nettemeni  moins  affeetde  par  .e  choc  que  la 
tenue  statique.  On  retrouve  ainsi  un  comportement  caractdristique  des  composites  et  ddjd  observd  dans  les  zones  peredes 
pour  fixation. 

En  conclusion  de  cette  session,  on  considdre  que  le  comportement  aux  impacts  est  encore  insuffisamment  analysd 
(cclui  de  mdtaux  nc  Test  d’ailieurs  pas,  lui-mdme,  de  fagon  parfaite)  et  ndccssite  la  poursuite  des  expdriences.  Ici  encore, 
on  s’interroge  sur  l’influence  de  l’humiditd,  encore  rarement  prise  en  compte  dans  les  essais,  ainsi  que  sur  1’historique  de 
la  pidcc  avant  l’impact  et  son  dtat  d’endommagement. 

La  session  4  traitait  des  phdnomdncs  physiques  atmosphdriques,  foudre,  prdcipitations  gdndratrices  d’drosion  etc. 

MM.  Rouchon  et  Gall  (France)  et  Schneider  (USA)  ont  montrd  que  la  rdaction  du  composite  d  la  foudre  est  trds 
diffdrentc  de  celle  des  mdtaux  mais  que  le  dommage  est  moins  alarmant  qu’on  avait  pu  le  supposer  d  1’originc,  la  foudre 
n’ayant  pas  l’effet  destructeur  que  1’on  craignait. 

If  faut  cependant  souligner  1’importance  du  choix  du  nid  d’abcilles  et  lc  probldme  posd  par  la  continued  dlectrique 
au  droit  des  joints.  II  existe  des  revetements  de  protection  efficaces,  dont  on  souligne  que  I’effet  n’est  pas  proportionnel 
d  l’dpaisseur. 

Une  trds  grave  prdoccupation,  qui  a  failli  il  y  a  3  ans  compromettre  le  ddveloppement  des  matdriaux  composites, 
est  le  risque  de  dispersion  des  particules  de  filaments  dans  l’atmosphdre  lors  d’un  accident  suivi  d’incendie.  II  avait  dtd 
availed  que  ces  particules  pourrait,  en  se  ddposant  sur  les  dquipements  dlectriques  et  dlectroniques  provoquer  des  courts- 
circuits  aux  trds  graves  consdquences. 

M.  Bell  (USA)  a  montrd  avec  quel  sdrieux  et  avec  quels  moyens  considdrables  la  NASA  avait  pris  le  probldme. 

L’analyse  des  causes,  la  production  des  fibres  en  di.  .ension  et  en  quantitd,  leur  dispersion  on  dtd  ddcrites  er.  detail 
ainsi  que  Evaluation  financidre  des  dommages  encourus. 
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La  partic  oxpdrimontaie  u  dtd  dgalcmcnt  considdrable,  avoc  les  essais  en  laboratoiro  sur  dquipements  managers  ct 
industrials  ainsi  que  dc  spectaculairos  experiences  en  soufflerie  ct  l’interccption  des  panaches  de  fumdc  "grandeur  nature” 
pard’inunenses  filets  suspendus  ii  des  ballons. 

La  conclusion  ddmontre  la  faiblesse  du  risque,  muis  la  necessity  de  ddveloppcr  des  formes  innofensives  du  matdriau: 
rdsines  cokdfiables,  revdtements  onfermant  la  fibre  dans  unc  guino  non  conductricc  ainsi  que  I’intdrCt  des  fibres  non 
graphitiques. 

En  ce  qui  conccrnc  l’drosion,  M.  Torres  (France)  a  montrd  les  rdsultats  de  protections  diverscs  de  bord  d’attaque 
d’hdlicoptdrcs.  M.  Springer  (USA)  a  ddveloppd  un  module  mathdmatique  simplifid  qui  relic  1c  phdnomdne  a  la  notion  de 
fatigue.  II  ddfinit  ainsi  un  pdriodc  d ’incubation,  suivie  de  ccllc  ou  I’cnldvcmcnt  de  matidres  commence  <1  se  manifester. 

Le  module  semble  bien  se  verifier  par  les  essais,  mais  i’incubution  est  plus  courte  de  plusieurs  ordres  dc  grandeurs  qu’avec 
les  metaux.  Ceci  confirmc  la  ndccssitd  de  protdger  le  composite  duns  les  zones  soumiscs  a  l'droslon. 

En  conclusion  de  cctle  4dme  session,  commc  ic  romarque  le  rapporteur,  M.  Barboni  (Italic)  le  phdnomdne  atmos- 
phdrique  qui  comporte  le  risque  le  plus  grave  est  uussi  le  plus  simple:  la  pluie. 

Enfin  la  cinquidme  session  dtait  consaordc  jl  une  revue  gdndrale  du  comportement  en  service,  les  orateurs  reprdsen- 
tanf  les  constructeurs  et  utilisuteurs  dtant  choisis  parmis  ceux  ayaut  aecumuld  l’cxpdrlcncc  la  plus  significative, 

Le  sujet  des  pales  d’hdlicoptdres  a  dtd  traitd  par  MM.  Barnard  (Westland,  UK)  ct  Brunsch  (MRB-RFA)  uuxqucls  on 
doit  ajouter  M.  Torres  (SNIAS,  France)  dont  I’cxposd  avait  dtd  prononed  en  Session  Ill.  L’r xpdrienco  extrdmement 
satisfuisante  du  composite  dans  cettc  application  est  aujourd’hui  unanimument  reconnue. 

Deux  probldmes  demeurunt  tontefois  incompldtement  rdsolus: 

-  L’drosion  en  cxtrdmitd  de  pale  pour  luqucllc  la  remise  en  dtat  de  la  protection  n’a  pus  encore  attaint  un  stude  du 
ddfinition  satisfaisant. 

-  Los  difficultds  de  rdparation  par  l’utilisateur  (remarquons  que  lu  rdpurution  sur  le  terrain  des  pales  mdtalliquos 
lt’a  jamais  dtd  conscilldc). 

L'expdriencu  de  la  NASA,  sur  les  structures  d’avions  de  transport  dont  cllc  a  suseltd  le  ddveloppement  et  qu’cllc 
surveillu  en  service,  met  en  dvidunce  le  trds  faible  niveau  de  ddgradution  observe.  Les  durdes  d ’exploitation  ddpassent 
aujourd’hui  S  amides  et  i’uccumulution  des  heures  de  vol  attaint  2,5  millions  rdpurties  sur  200  dldments.  On  est  frappd 
par  lu  fait  que  la  reprise  d’humiditd,  crainlc  n.ujeure,  n ’attaint  pus  1%  aprds  s’dtrc  stabilisde  dds  les  premiers  mois.  On 
constate  dgulement  que  des  rdsincs  (ex:  Narmco  5209)  dont  l’cmploi  u  dtd  entre-temps  abundonnd  sur  la  foi  des  rdsultats 
ddfavorables  dc  laborutoire  ti  cut  dgurd  tie  se  comportcnl  finaiemont  pus  plus  tnai  que  les  uutres  en  ambiance  rdcilc. 

L’US  Air  Force  dont  ^introduction  d’dldmcnts  en  vol  remonte  d  1969  a  dgaloment  accumuld  une  expdrlence 
considerable.  L’ulilisution  des  composites  sur  les  uvoins  d ’arm as  s’est  progressivement  ddveloppde,  depuis  les  portes  et 
les  empennages,  jusqu’aux  caissons  de  voilure  produits  aqjourd’hui,  en  attendant  les  fuselages. 

L’expdrience  montre  le  comportement  sans  reproche  des  composites  bore-epoxy,  formule  produite  au  ddbut  et,  d 
peu  prds  exclusivement  jusqu’en  1972.  Les  assemblages  par  collage  des  dldments  de  reprise  en  titane,  notamment,  n’ont 
jamais  donnd  lieu  d  prdoccupation. 

L’armature  dc  filaments  de  carbonc,  introduite  par  la  suite  a  prdscntd  d  l’usage  quelques  cas  de  ddlaminages  locaux 
ct  de  craquelures  sur  les  bords  des  dldments.  Les  phdnomOnes  d’importance  et  de  gravitd  iimitdes  n’ont  d’ailleurs  aucun 
caractdre  systdmatique  et  laissent  penser  qu’iis  reldvcnt  de  cas  d’cspdcc.  Des  proeddurcs  de  rdparation  on  dtd  miscs  au 
point. 

D’une  manidre  gdndrale,  les  formation  estiment  que  1a  maintenance  des  dldments  en  composite  Icur  cause  moins  dc 
travail  que  cclle  des  dldments  mdtalliques  correspondants.  La  principalc  difficult^  rdside  encore  dans  la  proeddure 
d’inspection  par  ultra-sons  qui  est  souvent  laborieusc  et  mal  adaptde  au  dessin  des  pidees.  Un  systdme  intdgrd  (ddnommd 
ISIS)  fournissant  une  visualisation  gdndrale  dc  la  pidcc  sur  dcran  vient  d’etre  mis  au  point  et  doit  dtre  trds  prochaincmcnt 
expdrimcntd  sur  les  Bases  poui  contrdle  de  routine. 

L’expdrience  de  TUS  Navy,  qui  exploite  ses  appareila  dans  les  conditions  d’environnement  particulidrement  sdvdrcs, 
corroborc  parfaitement  celie  de  i’Air  Force.  Les  indvitables  endommagements  sont  &  relier  aux  tribulations  du  service 
bien  plus  qu’aux  phdnomdncs  physiques  de  i’ambiance.  Les  proeddures  dc  rdparation  on  fait  I’objet  d’un  ddveloppement 
particulidrement  attentif  ct  icur  efficacitd  dans  le  rbtablissement  des  propridtds  initiales  a  dtd  ddmontrde  aussi  bien  par  les 
essais  au  sol  que  par  1’expdriencc  en  vol. 

En  rdsumd,  l’expdrience  en  voi  qui  est  ddjd  considdrable  sur  les  dldments  secondaircs  et  qui  aborde  maintenant  les 
structures  principals,  s’avdre  dans  l’cnsemble  extremcment  favorable.  Elle  a  converti  au  composite  les  utilisatcurs  dont 
l’attitude  d’origine  dtait,  commc  on  le  comprend,  extremement  rdscrvde.  II  semble  bien  que  le  ddveloppement 
remarquable  de  I’application  aux  pales  d’hdlicoptdres  doive  sc  reproduce  sur  les  structures  d’avion,  et  les  projets  en  cours, 
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qu’il  s’agisse  d’avions  d’armes  ou  de  transport,  font  au  composite  une  place  dc  plus  en  plus  large.  La  limitation  d’empioi 
deviont  aqjourd’hui  davantage  de  caractiire  technologique  ct  industriel. 

Lc  principal  probMme  qui  demeure  est  celui  du  contrble  dc  qualitd. 

11  s’agit  d’une  part  des  progrOs  necessaries  de  i’appareillagc  et  de  la  nnithodologie  notamment  pour  les  examons  en 
service  suns  dihnontage  des  dldmcnts.  Par  ailleurs  on  manque  encore  de  donmics  sur  le  seuil  d 'admissibility  des  d<Sfauts,  sur 
la  justification  d’un  rebut  ct  les  pratiques  actuclles,  extrCmeinent  prudentos  ct  conservatives  font  dc  sortc  que  le  codt  du 
contrdle  lul-mCmc  ot  les  consequences  desa  sdvdritd  constituent  un  element  determinant  du  prix  de  revient  des  structures 
en  composite. 

En  conclusion,  on  constate  que  cet  important  congas  a  mis  successivement  en  evidence  doux  tendances  que  Ton 
pourrait  1 1  premiere  vue  qualifier  d’opposdcs. 

Les  gens  de  la  Recherche  et  du  (’experimentation  en  laboratoire  out  ddcrit  un  ensemble  de  phenomencs  qui 
indiquent  clairement  que  I’usuge  des  compositus  comportu  un  certain  nombru  du  limitations.  L’influcnce  de  l’humidite, 
des  chocs,  leur  combinuison  defavorublc  avec  les  uutres  facteurs  de  l’cnvironncmcnt,  la  sensibilitd  particuli6rc  dc  iu  solici¬ 
tation  en  compression,  sent  uutant  de  sujets  qui  n’uuruicnt  pus  manque  dc  freinur  le  devcloppemont  des  muteriaux 
composites  s’ils  avuient  ete  connus  i  ce  point  il  y  a  une  dizaino  d’annees. 

Aupnis  du  cos  facteurs  d’inquietudo,  (’experience  en  service  sc  truduit  d’une  fagon  usscz  contrudictoire  par  la  satis¬ 
faction,  l’optimismo,  I’absence  dc  difficultes  majeures  et  en  fin  dc  comptc  unc  vigourcusc  poussdc  en  avunt.  dans  laquellc 
les  utilisateurs  emboitent  lc  pas  aux  promotcurs. 

II  est  difficile  du  ne  pas  etre  tontd,  duns  ce  dilemma,  de  rejuter  les  avurtissements  des  scicntifiques  et  de  consacrcr  le 
triomphe  dc  la  pratique  sur  la  speculation  theorique. 

La  question  n’ust  pas  uussi  simple,  cur  les  phenomencs  mis  en  evidence  en  luborutoire  sunt  indeniublcs.  11  leur 
manque  slmplcmunt  les  donneos  statistiques  qui  purmettraient  de  definlr  leur  degrd  du  probubihte.  D’un  autre  c6te,  il 
est  vralsumblablu  quo  les  eiemonts  mis  on  service  avuient  beneficie  d’une  lubrication  rclutivcmunt  biun  survcilieo,  cIToctuec 
duns  des  ateliers  truvuillunt  dans  des  conditions  du  fabrication  prototype.  Qu’cn  sera-t-il  lorsque  le  composite  sera  produit 
en  s<Srie  uvoc  des  ddfauts  i  la  limite  des  conditions  d ’acceptation,  lcsquollcs  uuront  bicn  dQ,  entre  temps,  Giro  queluue 
peu  liberalises? 

La  solution  finale  so  trouve  done  d  la  convergence  des  deux  chcminumcnts,  lorsque  los  deux  tendances  sc 
rejoindront  ut  se  complGtoront  dans  unu  appreciation  raisonndc  du  risque. 

Un  nouveuu  rendez-vous  est  ddjd  pris,  entre-teinps,  tous  les  dldmeiUs  sont  riiunis  pour  que  lc  matGriau  composite 
poursulve,  sous  surveillance,  sa  croissance  ct  son  dGvoloppcmont. 
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aumiuff 

The  main  purpose  of  the  paper  is  to  give  a  detailed  description  of  whore  Composites  are  moot  likely 
to  be  used  in  the  structure  of  future  Military  Aircraft  with  an  indication  of  the  type  of  Compooito 
material  and  the  structural  form.  Thin  in  with  the  intention  of  Getting  the  scene  for  the  later  Bossiona 
when  the  main  theme  of  Electromagnetic  offectn  upon  Avionics  .'Systems  will  bo  taken  up. 

The  advantages  of  using  CFC  are  identified  together  with  the  main  factors  which  have  to  be  considered 
in  design;  this  is  followed  by  a  statement  or:  the  realistic  potential  in  terms  of  rnaso  savings  followed  by 
a  short  discussion  on  the  possible  eoonomic  benefits. 

Before  closing  with  a  brief  recognition  of  the  more  obvious  IF1C  problem  areas,  the  paper  describes 
the  most  likely  structural  configuration  for  ouch  mnjor  structural  component,  relying  liberally  on  sketches. 


1 .  INTRODUCTION 


The  main  purpose  of  this  pa per  in  to  givo  a  fairly  detailed  description  of  where  Carbon  Fibre  Composi¬ 
tes  (C.F.C.)  are  most  likoly  to  be  used  in  the  structures  of  future  military  aircraft  together  with  an 
indication  of  the  type  of  material  and  structural  configuration.  This  is  with  the  intention  of  sotting  the 
scene  for  the  later  sessions  when  the  mein  theme  of  the  moating  (electromagnetic  offectn  of  carbon  compo¬ 
site  materials  upon  Avionics  Cystoma)  will  be  taken  up. 

? .  ADVANTAOEli  OF  C.F.C,  TO  THE  EVlIl'CTURAl.  ENGINEER 

?.1  .Static  Strength*; 

Carbon  Fibre  materials  have  lower  mass  densities  and  higher  mechanical  strengths  than  metallic 
materials  currently  used  for  aircraft  structures,  snri  therefore  they  are  seen  to  offer  significant  advant¬ 
ages  to  the  Structural  Erginoor. 

Basic  lini-diructiono]  ntr  ngths  of  ?1  to  h  times  those  of  conventional  light-alloys  coupled  with  bO/ 
less  density  are  readily  achievable  and  u  strength  comparison  chart  enn  be  seen  in  Fig.1. 

?.?  Fatigue  Resistance 

Tents  have  shown  that  the  fatigue  performance  of  C.F.C.  notched  specimens  in  such  thst  the  endurance 
limit  is  around  B lj,  of  the  static  ultimate.  This  applies  for  most  nlructurnl  Inyupa  under  typical  flight- 
by-flight  fighter  wing  spectrum  loading  and  it  should  be  noted  that,  unlike  metallic  materials,  the  critical 
fatigue  loading  is  compression  and  not  tension.  This  compares  with  an  endurance  of  about  30/  of  ultimate 
for  typical  light-alloys  if  wo  consider  damage  tolerance  requirements.  An  typicnl  maximum  working  stresses 
nro  loss  than  60.'  of  ultimato,  it  would  appear  that  no  special  allowance  is  neceosary  in  C.F.C.  structures 
to  achieve  the  required  in-service  fatigue  lives. 

Fig.?  ohows  a  comparison  of  C.F.C.  and  light  alloy  fatigue  performances. 

3.  FACTORS  WHICH  REDUCE  Till,  EFFECTIVolLAlE  CF  C.F.C. 

3.1  Effect  of  layup 

A  longitudinal  layup  of  C.F.C.  has  little  or  no  resistance  to  loads  applied  perpendicular  to  the 
main  fibre.  The  majority  of  structures  have  to  cater  for  loads  in  all  directions  which  moans  that  there 
are  very  few  structural  applications  for  a  purely  0°  layup. 

A  typical  layup  can  be  taken  an  having  50,.  of  0°  fibres  with  tho  remainder  being  a  mixture  of  90° 
and  +_  45°  to  carry  shears  and  lateral  loads.  This  reuse  as  the  laminate  strengths  to  about  half  of  that  of 
a  fully  0°  laminate  Gincc  the  90°  fibres  have  no  strength  along  the  0°  uxis  and  the  modulus  of  the  A50 
layup  is  only  ?<X'-  of  tho  0°. 

3-?  Notch  Denoitivlty 

f.tresa  concentrations  hove  to  be  considered  in  the  design  of  composites  since  thoy  play  an  important 
part  in  determining  the  strength  of  a  laminate.  The  material  has  little  or  no  plastic  gone,  which  in  motels 
servos  to  nullify  the  effect  of  stress  concentration,  and  therefore  notch  factors  have  to  be  taken  into 
account  in  the  static  design. 

Current  manufacturing  technology  requires  the  Use  of  bolts  to  attach  the  various  componentn  and  a 
typicnl  bolt  hole  in  a  laminate  containing  0°  fibres  will  approximately  halve  its  strength. 
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Certain  measures  can  be  token  to  reduce  notch  sensitivity,  for  example  by  incorporating  low-modulUB 
material  in  way  of  tho  bolt  noles,  or  evon  to  remove  the  need  for  bolting  by  developing  all-bonded  assemblies. 

However,  consideration  cf  manufacturing  defects  and  Iccal  in-service  damage  will  almost  certainly 
result  in  similar  notch  factors  being  applicable. 

3.3  Environmental  Degradation 

Matrix-dependent  properties  of  CFC  structures  (such  as  compression  and  shear)  are  sensitive  to  the 
uptake  of  moisture  at  temperature.  This  occurs  because  of  the  reduction  in  glass  trariuition  temperature 
(which  effectively  reduces  the  allowable  working  temperature  of  tho  material)  and  teats  have  shown  that 
reductions  in  compression  strengths  of  about  30!*!,  under  typical  fighter  aircraft  environmental  conditions, 
apply  to  the  currently  available  materials. 

It  is  widely  believed  that  practicable  protective  measures  can  only  delay  the  uptake  of  moiature  and 
work  continues  in  this  field  as  wall  as  towardu  developing  improved  resin  systems. 

3.4  Variability 

I 

It  is  necosssry  to  make  an  allowance  for  statistical  variability  of  material,  properties. 

Variability  can  be  expected  to  come  from  the  basic  material  constituents,  manufacture  of  the  compo¬ 
nents  and  from  construction  of  the  structural  components. 

Analysis  of  tests  to  date  have  shown  that  typical  mean  test  values  should  be  reducod  by  about  20 % 
to  obtain  minimum  design  allowables. 

3.5  Resulting  Material  Strengths 

After  taking  into  account  all  tho  conciderationn  mentioned  abovo,  structural  laminate  atrengtho  for 
typical  fighter  aircraft  environmunto  can  bo  calculated. 

Riga  3  and  4  compare  CFG  donign  nllownblen  for  varying  amounts  of  0°  with  those  for  current  light- 
alloy  and  titanium.  Those  liavo  been  divided  by  tho  relevant  densities  to  reflect  weight  benefits. 

It  can  be  seen  that  CFC  tension  properties  show  a  distinct  benefit  compared  with  a  much  reduced 
advantage  for  compression,  mainly  because  of  environmental  degradation. 

4.  NKAl.ISTIC  l'OTKMTIAl. 


Design  studios  have  been  carried  out  to  apply  C.F.C.  in  major  structures  and  these  applications  have 
demonstrated  that  Composite  Structures  can  be  lighter  than  thoir  metal  counterparts.  An  indication  of  tho 
conclusions  drawn  from  the  various  structuroa  is  given  below,  together  with  the  expected  weight  savings 
for  each  of  tho  major  structural  components. 

4.1  nummary  of  Experience 

The  offoct  of  tho  use  of  Composites  on  tho  structural  weight  can  vary  depending  on  tho  structural 
complexity,  loud  luvelu  and  complexity  of  geometric  shape. 

lightly  loaded  structured,  such  an  front  fuselage  which  tend  towards  minimum  thickness  design  in 
metal,  show  mass  savings  which  approximate  to  that  obtained  by  direct  replacement  of  the  metallic  components 
by  composites. 

At  the  other  extreme,  a  highly  loaded  atructure  with  unavoidably  complex  ply  layups,  such  as  tho 
root  region  of  a  strength  design  wing  structure  -  especially  if  it  contains  a  joint,  would  show  negligible 
mane,  savings.  Moat  structures  lie  in  between  thoso  two  extremes  and  tho  following  table  indicates  a  real¬ 
istic  potential  for  mans  saving.  Note  thnt  thin  is  baoed  mainly  on  strength  design.  It  is  possible  that 
wings,  fins  and  tail  pi  mien  will  have  a  stiffness  requirement  and,  if  this  dominates,  thin  could  lend  to  an 
even  greater  mass  saving  advantage  by  using  CFG. 


Component 

Hasn  Saving  on 
Compositiuod 
Structure 

Composite 

Util ieation 

Total  Mass 
Saving 

Wing 

20, i 

70% 

14% 

Fin 

4.5# 

w 

- 

18% 

Tailplnne 
(or  Foroplane) 

45% 

40% 

18% 

Front  Fuse 

40% 

40% 

16% 

Centre  Fuse 

17% 

40% 

7% 

Iieur  Fuse 

30% 

50% 

15% 

Applying  this  to  the  structure  of  a  typical  military  aircraft  shows  a  structural  mass  saving  of 
about  1  ?,i  for  a  composite  utilisation  of  40%. 
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c  Note  thac  this  does  not  include  resizing  benefits  (See  para  A. 2) . 

'  A ,2  Aircraft  Resizing 

.  The  mass  saving  described  in  the  previous  paragraph  would,  if  applied  to  an  all-metal  concept, 

result  in  an  improved  aircraft  performance  in  terms  of  flight  envelope  and  range.  If  the  mass  savings 
were  anticipated  from  the  outset,  it  would  than  be  possible  to  resize  in  order  to  get  the  same  performance 
out  of  a  smaller,  lighter  aircraft. 

In  order  to  obtain  maximum  advantage  of  resizing,  it  would  be  necessary  to  change  the  engines, 

>  scaling  them  down  in  accordance  with  the  reduced  mass.  It  is  realised  that  this  is  not  always  possible  so 

r  the  following  resizing  advantages  are  presented  againot  two  options!  one  assuming  no  engine  change  and  one 

|  assuming  complete  resizing  including  the  engines, 

i 

J  It  can  be  seen  from  Fig.  5  that  for  a  composite  utilisation  of  Ao/  the  reaized  aircraft  would  show 

t  structural  mass  savings  of  17#  (no  engine  chango)  and  21#  (with  resized  engine). 

;  5.  ECONOMIC  BENEFITS 

* 

j  Although  most  of  the  R  fc  D  studies  to  data  hove  been  towards  establishing  a  design  technology,  it  has 

•  been  possible  to  poriorm  economic  assessments  from  a  production  viewpoint  and  the  following  points  give 

:  some  indication  of  the  current  thinking.  In  arriving  at  the  following  cost  comparisons  between  metal  and 

1  CFC,  consideration  has  been  given  to  factory  overheads.  This  hua  revealed  that  a  CFC  manufacturing  plant 

;  would  show  up  favourably  when  compared  to  the  conventional  production  one,  mainly  because  of  a  reduction 

;  in  the  number  of  manufacturing  processes,  a  considerable  reduction  in  the  types  of  material  to  be  stocked 

and  the  use  of  lees  costly  equipment. 

5.1  Component  Manufacture 

a)  Metal  Components 

Producing  metal  components  depends  upon  tho  material  to  be  used  und  the  processing  (that  is 
whether  made  from  sheet  metal  or  machined  from  billet). 


i 


i 

| 

i 

; 

; 

* 
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If  it  is  asuumod  that  the  material  is  light-alloy  and  30/>  in  made  from  ahaot  metal  with  70!*' 
machined  from  billets,  then  an  average  coot  per  kg  of  39  units  enn  be  identified.  Of  thin  9  units  come 
from  the  cost  of  the  basic  mntoriul,  including  o  utilisation  facto)'  of  0.2  average. 

b)  CFC  Components 

In  considering  the  manufacture  of  CFC  components,  the  following  key  operations  have  to  be 
performed)  comparative  costs  are  given  below. 


OPERATION 

COSTAc  (units) 

.  Material 

?5.5 

.  Layup 

A4  hand  layup 

A  M/C  layup 

.  Preparation  for  cure 

12 

.  Curing 

1 

.  Post  Cure  (trimming  etc) 

fi 

It  can  be  noon  that  hand  layup  costs  dominate  and  it  iollows  that  actompts  should  be  towards 
autoeiating  layups,  since  appropriate'  studies  have  shown  the  cost-effectiveness  of  such  methods. 

It  is  considered  that  in  a  properly  equipped  CFC  production  facility  with  a  properly  planned 
throughput  of  CFC  components  which  have  been  designed  with  automation  in  mind,  only  30^  will  require  hand 
layup.  Hence  tho  average  cost  for  CFC  components  is  6 2  unitoAg. 


5.2  Component  Assembly 

a)  Metal  Components 


The  assembly  costs  will  vary  according  to  the  component  in  question  (depending  upon  such  things 
as  fuel  sealing,  assembly  of  thick  members  with  little  curvature,  assembly  of  thin  Bheet  components  of 
complex  shapos,  numbers  of  components  in  an  assembly  etc).  An  average  cost  per  kg  of  6l  units  applies  to 
the  assembly  of  current  military  aircraft  structures  manufactured  by  conventional  methods. 

b)  CFC  Components 


£ 

i 


There  do  not  appear  to  be  any  special  assembly  problems  associated  with  CFC  components. 


What  can  be  claimed  however  is  a  reduction  in  cost  compared  with  metal  equivalents  arising  from 
the  reduction  in  numbers  of  parts  which  make  up  each  assembly. 

It  has  been  shown  that  the  constituent  parts  of  an  assembly,  whether  it  be  a  fuselage,  wing  or 
tailplano ,  are  reduced  by  at  least  50/  by  designing  in  CFC,  and  also  that  assembly  cost  is  proportional  to 
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the  numberr.  of  parts  in  that  assembly.  If  consideration  is  given  to  reducing  bolted  .joints  and  attachments 
by  using  co-cured  and  bonded  methods  of  fabrication,  then  further  cost  savings  could  be  claimed  but  for  the 
purpose  of  this  report  a  roan  hour  reduction  of  40,'  will  be  assumed. 

Hence  cost  of  CFO  Assembly  is  5?  unitsAg* 

5.3  Resulting  Costs 


It  is  clear  from  the  above  figures  that  it  costs  more  to  manufacture  components  in  CFO  than  in 
metal  even  when  allowance  is  mode  for  the  more  efficient  material  utilisation.  Automated  layui'  techninues 
offer  significant  cost  reductions  but  at  best  the  cost  of  CFO  manufacture  will  bo  about  5^.  groater  than 
for  the  metal  equivalents. 

However,  there  are  significant  cost  savings  to  he  obtained  in  component  assembly  where  the  consider¬ 
able  reduction  in  ports  count  which  has  been  demonstrated  by  designing  in  CFC  leads  to  about  a  5C"’  reduction 
in  assembly  coGts  compared  with  metallic  structures. 

The  indications  are  that  structures  containing  CFC  should  coot  less  than  the  all  metal  equivalents, 
especially  if  maximum  advantage  is  taken  of  the  structural  mass  savings.  However,  thin  would  mean  design¬ 
ing  to  maximise  automated  manufacturing  techniques  and  having  the  necessary  production  development. 

Fig  6  shows  the  cost  saving  potential. 

6.  STRUCTURAL  CONFIGURATION 

Haro  A  describes  the  likely  composite  utilisation  in  the  various  structural  components  and  in  this 
para  the  description  is  extended  to  include  structural  configurations.  Fig  7  shows  a  hypothetical  fighter 
aircraft  configuration. 

6.1  Wing  (see  Fig.P) 

The  torsion  box  will  be  of  multispar  construction  and  designed  to  carry  fuel.  The  configuration 
may  well  be  for  a  through  wing  (in  which  cose  there  would  be  a  determined  effort  not  t.o  have  a  centre-line 
joint)  or  for  a  wing  which  joins  on  to  the  fuselage  at  the  body  side.  Current  technology  would  require 
the  skins  to  be  bolted  to  the  substructure  but  all-bonded  assemblies  are  being  pereuod. 

Description 


Balanced  CFC  laminate  containing  approx  50>'  of  spnnwise  fibres,  with  the  majority 
of  the  remainder  at  +_  45°.  Focal  reinforcing  will  be  necessary  at  load  inputs 
such  as  for  flaps  and  pylons. 

Channel  section  made  from  +.  45°  CFC. 

Sine-wave  construction  using  +_  45°  CFC.  The  spar  caps  will  be  mainly  0°  with 
some  90°  material  for  the  radial  loads. 

Channel  or  'I1  section  construe!  ion  using  +.  45°  CFC.  Note  that  in  some  cases 
light-alloy  may  be  preferred  depending  upon  the  complication. 

Hither  GRP  or  CFC  skins  with  a  full-depth  honeycomb. 

Sandwich  construction  using  honeycomb  with  CFC  skins. 

6.2  Taileron/foreplaneo  (See  Fig.  9) 

These  components  are  fully  moveable,  independently  activated  control  surfaces. 

The  most  likely  construction  is  full  depth  L.A.  honeycomb  supporting  CFC  skins  containing  approxi¬ 
mately  of  spanwise  fibres  with  the  remainder  being  mainly  +_  45°;  a  small  amount  of  90°  being  included 
for  stability. 

Attachment  to  the  fuselage  will  be  through  a  metal  spigot  or  actuator  am:  bolted  to  the  skins;  CFC 
beamr  will  be  Used  to  distribute  the  local  load  inputs. 

Leading  edge  will  be  GRP  or  CFC  with  a  full  depth  honeycomb  and  thiE  will  be  bolted  to  the  main  box. 

Trailing  edge  will  be  a  full  depth  sandwich  using  CFC  skins. 


Main  skins 


Main  spars 
Intermediate  Spars 

Ribs 

Leading  Kdge 
Flaps 


3-5 


6.5  Fins  (See  Fig  10) 


These  will  be  of  similar  construction  to  the  tailerons. 


6.4  Fuselage  (See  Figs  11  -  21) 


The  application  of  CFC  to  fuselage  is  strongly  configuration  dependent  influenced  by  the  intake  and 
duct  complexity,  the  position  of  the  engines  and  the  wing.  However,  the  following  is  a.i  indication  of 
whore  CFC  is  likely  to  be  used,  assuming  the  engines  to  be  in  the  rear  fuselage  and  the  wing  to  be  attached 
to  the  fuselage  side. 


Component 


Description 


Bulkhead  Frames 


Mode  from  CFC  using  equal  amounts  of  0°,  90°  and  +.  45°.  Stiffened  by  either 
swages  or  co-cured  hat  sections.  Skin  flanges  separately  attached  to  simplify  the 
tooling. 


Intermediate  frames/ 
stiffeners 


Channel  or  'I'  sections.  May  be  made  from  cloth  depending  or.  the  curvature. 


Longerons 


Skins 


Doors  and  Panels 


Top  hat  or  'I'  sections  made  from  ±  45°  with  0°  in  the  flanges  or  caps.  Could  be 
co-cured  or  laid  up  integral  with  the  skins. 

Will  vary  from  +_  45°  with  longerons  or  0°,  90°  and  +_  45°  in  equal  proportions 
with  stiffeners,  depending  upon  the  loading. 

Sandwich  construction  using  honeycomb  with  CFC  skins.  _  ' 


V.  POTENTIAL  kMC  PROBLB-1  AREAS 


It  is  recognised  that  an  aircraft  which  contains  a  large  amount  of  CFC  structure  may  have  unacceptable 
reductions  in  its  electromagnetic  functions. 

Three  of  the  rather  obvious  important  problem  areas  are  discussed  below  in  an  attempt  to  indicate  the 
designers'  understanding. 

7.1  Screening 

The  higher  specific  resistance  of  CFC  (compared  to  metal)  suggests  that  the  effectiveness  of  the 
surface  in  providing  a  screened  enclosure  may  result  in  equipment  operation  problems. 

Tests  have  been  carried  out  on  experimental  sections  of  front  fuselage  structures  to  compare  the 
performance  of  a  CFC  structure  with  that  of  a  metal  one.  These  are  reported  to  have  shown  little  difference 
in  the  shielding  and  what  difference  there  was  could  most  likely  be  handled  by  judicious  siting  of  cables. 

One  important  question  which  is  yet  to  be  answered  is  with  regard  to  the  effectiveness  of  screening 
at  panel  and  door  joints  where  the  requirement  for  quick  release  and  easy  access  may  be  at  variance  with 
the  requirement  for  efficient  screening.  More  research  is  required  here  in  order  to  establish  design 
rules  for  the  attachment  of  Avionics  bay  doors  for  example  where  it  is  unlikely  that  cables  can  be  resited. 

7.2  Structural  Earth  Return  for  Power  Supplies 


Measurements  of  resistance  indicate  that  CFC  may  not  be  suitable  for  providing  earth  return  paths 
for  electrical  systems.  A  better  understanding  of  this  has  to  be  obtained  by  tests  on  large  scale  struc¬ 
tures  since  the  provision  of  an  alternative  earth  path  would  add  weight. 

In  order  to  assess  the  significance  of  the  problem,  design  studies  are  in  hand  to  investigate  the 
use  of  concentrated  structural  booms  of  both  CFC  and  metal  which  may  provide  a  continuous  electrical  path 
in  typical  CFC  fuselage  structures. 

7.3  Bonding 

It  is  recognised  that  effective  electrical  bonding  of  CFC  structures  will  rely  upon  the  provision 
of  low  resistance  joints  within  the  structure. 

The  move  towards  greater  structural  and  manufacturing  efficiency  by  eliminating  mechanical  fasteners 
and  using  bonded  joints  is  likely  to  increase  the  joint  resistance  since  the  adhesive  prevents  good  contact 
between  the  carbon  fibres. 

Tt  is  necessary  to  perform  tests  on  properly  representative  structures  to  determine  whether  the 
joints  offering  good  structural  efficiencies  are  acceptable  and,  if  not,  to  investigate  improvements  such 
as  using  conductive  epoxies  or  the  use  of  discrete  pins  through  the  joint.  See  Fig  22  for  typical  joint 
details. 

8.  CONCLUSIONS 

The  high  specific  strength  of  CFC  offers  weight  saving  potential  to  the  aircraft  structural  engineers. 

Design  and  manufacturing  studies  have  shown  that  this  potential  can  be  realised  and  that  for  a  maximum 
utilisation,  where  40$  of  the  aircraft  structure  is  made  from  CFC,  mass  savings  of  about  125j  can  be  expected. 
These  savings  can  be  increased  to  as  much  as  20 %  if  the  aircraft  is  resized  for  constant  performance. 
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Cost  studies  indicate  that,  if  full  advantage  is  taken  of  automated  techniques  and  the  weight  reduc¬ 
tions,  structures  containing  CFC  should  cost  less  than  for  the  metal  equivalents. 

Work  is  continuing  to  assess  the  SMC  problems  in  order  to  ensure  that  full  advantage  can  be  token  of 
these  potential  weight  and  cost  savings  on  future  military  aircraft. 
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Fig.2  Flight  by  flight  fatigue  behaviour  of  C.F.R.P. 


lJij, 3  Specific  compressive  strengths  of  XAS/914  and  common  engineering  materials 


Graph  showing  comparison  of  the  specific  tensile  strength  of  XAS/914  with  engineering  materials 
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Fig. 6  Cost  saving  potential  of  CFC  structures 


Fig. 7  C.F.C.  items  for  future  concepts 


Fig. 8  C.F.C.  wing 


Fig.  10  C.F.C.  fin 


WITH  INTEGRAL 
SWAGED  STIFFENING. 

( 28V.  ±4^,44*aS  28V.  90*) 


\ 


Fig.  1 2  Front  fuselage 


Fig.  18  Carbon  fibre  duct  (one  piece)  STN  X5500  to  X10200 


Fig.20  C.F.C.  rear  fuselage 


ELECTROMAGNETIC  shielding  characteristics 
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OF  ADVANCED  COMPOSITES 

Dr.  David  F.  Strawe 

The  Boeing  Aerospace  Company 
Post  Office  Box  3999 
Seattle,  Washington  98124  U.S.A. 


SUMMARY 

A  considerable  body  of  data  has  been  gathered  on  the  basic  electromagnetic  (E.M. )  properties  of  qraDhite 
^??oe^C°mp0S!tk  m?teHa]s-  This  paper  presents  a  sampling  of  that  data  relevant  to  the  EM  shielding 
applications.  A  basic  set  of  shielding  parameters  is  Introduced  which  describes  the  intrinsic  shieldinq 
characteristics  of  composite  materials,  enhanced  conductivity  coatings  (metal  foils,  screens,  flame  spray, 
etc.),  and  electrical  joints  in  those  materials  and  coatings.  Measurement  concepts  for  these  parameters 
are  discussed  which  have  been  used  over  the  frequency  range  0-18  GHz. 

Cross  axis  layups  of  graphite  composites  exhibit  a  uniform  conductivity  isotropic  in  the  plane  of  the 
graphite  filaments.  This  planar  conductivity  normally  falls  in  the  range  of  1-2  x  10<  mhos/meter.  The 
tMrd  axis  conductivity  component,  generally  unimportant  In  shielding  applications,  is  cotnnonly  an  order 
of  magnitude  or  more  smaller.  These  composites  can  provide  useful  shielding  from  EM  environments  if  they 
are  electrically  bonded  in  a  continuous  manner  to  the  rest  of  the  structure.  Condon  mechanical  joints 
between  composite  sections  are  highly  resistive  and  unreliable  electrical  joints.  Joining  concepts  which 
provide  good  electrical  connections  over  wide  frequency  ranges  have  been  developed  and  are  described. 


1.0 


INTRODUCTION 


Application  of  advanced  composite  materials  to  aircraft  can  provide  significant  weight  reductions  with 
consequent  performance  improvement  over  conventional  metal  designs.  Boron  filament,  graphite-fiber 
glass  reinforced  epoxy  composites  or  hybrid  combinations  of  these  can  be  used  to  advantage.  A  major 
concern  Is  the  impact  of  composite  materials  application  on  the  function  of  aircraft  electrical  and 
electronic  components  in  the  high  EM  fields  due  to  lightning,  nuclear  EM?,  radars,  etc. 

Unlike  the  metals  they  replace,  materials  such  as  boron,  graphite,  and  S-glass  permit  the  direct  propa¬ 
gation  or  diffusion  of  exterior  surface  fields  to  the  interior  where  they  can  produce  woltaqes  and 
currents  at  levels  sufficient  to  upset  or  damage  mission  critical  electronics.  Even  when  diffusion  is 

tiaWield^enetration  b°r°n  ^  graphite  sectlon!i  are  likely  to  be  poor  electrically,  allowing  substun- 

Over  the  last  decade  a  substantial  body  of  data  has  been  taken  on  electrical  material  and  joint  parameters 
in  the  0-100  MHz  frequency  range.  Graphite  epoxy  composites,  metal  foils  and  screens,  flame  spray 
coatings,  and  joints  in  these  have  been  measured  and  reported  extensively.  Reliable  means  for  measuring 
a  wide  range  of  parameter  values  have  been  developed,  i.e,,  the  "Quadrax"  and  "FPT"  facilities.  "Anechoic 
inamber  measurements  have  provided  some  material  and  joint  data  in  the  microwave  region. 

In  this  paper  the  material  parameters  required  'or  FM  couplirq  analysis  will  be  described  along  with 

w  ™!!iL'°ncep  S'  Jn  ™aasured  parameters  for  various  composites  and  coatings  are  presented. 

Some  conclusions  regarding  the  smeldir.g  capability  of  advanced  composites  are  listed. 
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FUNDAMENTAL  CONCEPTS 


2.1  Shielding  Theory 

The  EM  coupling  problem  can  be  solved  with  the  following  steps: 

1.  Calculate  the  induced  exterior  surface  current  and  charge  densities  Js  and  p$. 

2.  Using  J  and  p.  calculate  interior  "incident"  Fields  in  the  absence  of  cabling  whose  response  is 
ultimately  to  be  calculated. 

a.  Use  Js  ana  Ps  to  define  interior  shield  surface  sources. 

b.  Use  these  sources  to  calculate  Interior  ii.cidnet  fields. 

3.  Using  the  fields  of  2,  calculate  cable  responses. 

r«  IfJl!?®  specification  of  the  interior  shield  surface  sources (2a)  with  which  we  are  most  concerned  here. 

In  particular.  It  Is  the  specification  of  shield  material  parameters  which  allow  determination  of  these 
surface  sources  from  the  exterior  responses  J  and  p  that  we  seek.  A  set  of  material  shielding  parameter: 
will  be  introduced  which  will  characterize  any  reasonably  good  nonmagnetic  shielding  material.  The 

coated  witiwneta?  foil 'or^mesh  f0i1,  °r  mesh;  3  composite  laminate  of  good  conductivity;  or  a  composite 

Practiical  ma^tar*  on1Y  graphite  among  the  composite  laminates  appears  to  offer  good  conductivity. 
Reliable,  low- resistance  composite  joints  have  been  obtained  only  in  graphite  laminates. 


4-2 


Material  specifications  are  commonly  given  In  terms  of  electric  and  magnetic  shielding  effectiveness  (ESE 
and  MSE,  respectively).  These  are  normally  dB  Insertion  loss  field  ratios  for  a  particular  shield 
geometry  and  Incident  field  configurations  of  electrostatic,  quasistatic  magnetic,  and  plane  wave  form. 

The  magnitudes  of  electric  (magnetic)  fields  at  a  point  Inside  the  shield  are  related  by  these  specifica¬ 
tions  to  the  external  ambient.  However,  these  are  not  true  material  descriptions  since  they  depend  upon 
shield  configuration,  shield  dimensions,  and  field  configuration,  as  well  as  the  shield  material  itself. 

No  convenient  general  method  exists  for  determining  shield  Interior  fields  from  FSE  and  MSE  taken  In  a 
special  shield  geometry  and  field  configuration  even  when  the  shield  is  formed  uniformly  from  one  material 
type  with  perfect  joints.  A  more  general  approach  would  require  a  specification  for  each  material  used 
to  form  the  shield  surface  as  well  as  the  joints  between  material  sections. 

2.2  Mechanisms  of  Shield  Penetration 

Field  penetration  of  shields  takes  place  by  coupling  through  apertures,  by  conduction  on  cables  penetra¬ 
ting  the  shield,  through  imperfect  electrical  joints  in  shield  materials,  and  by  direct  propagation 
(diffusion)  through  the  shield  material.  If  the  shield  material  is  mesh  or  screen  (perhaps  a  coating  on 
a  poorly  conducting  composite  laminate)  coupling  takes  place  through  (Ideally)  a  regular  array  of 
apertures  in  addition  to  diffusion  through  the  mesh  conductors.  Both  effects  can  be  described  by 
material  parameters  independent  of  screen  size,  shape,  or  shield  geometry.  In  the  following,  only  the 
material -related  penetration  mechanisms  are  considered,  i.e.,  diffusion  through  conducting  material, 
mesh  aperture  coupling,  and  imperfect  material  electrical  joints. 

Vance  (Vance,  E.  F.  -  1971)  has  shown  that  the  effect  of  diffusion  and  magnetic  aperture  coupling  can  be 
lumped  together  into  a  transfer  impedance  in  cable  braid  penetration  analysis.  This  concept  can  be 
generalized  (figure  1)  to  surface  penetration.  In  this  case  the  tangential  electric  field  produced  on 
the  “back"  side  of  a  shield  surface  due  to  a  surface  current  density  3"s  on  the  "front"  side  Is  given  by 

rt  ■  zs  Ts  0) 

The  "back"  side  of  the  sheet  Is  assumed  to  be  terminated  in  a  wave  impedance  much  larger  in  magnitude  than 
the  surface  impedance  of  the  conducting  surface.  The  above  constitutes  the  defining  equation  for  the 
"surface  transfer  impedance"  z  .  In  general,  mesh  asymmetries  cause  z  to  be  a  tensor  quantity,  but  a 
scalar  approximation  is  often  sufficient. 

The  effect  of  electric  aperture  coupling  is,  following  Vance  (Vance,  E.  F.  -  1971)  and  Kaden  (Kaden,  H.  - 
1959),  considered  to  be  due  to  an  array  of  effective  electric  dipole  moments  on  the  back  side  of  a  mesh 
surface  due  to  a  normal  electric  field  !  (with  its  associated  penetration  of  mesh  apertures)  on  the 
"front" side.  The  electric  dipole  moments  per  unit  area,  dj},  on  the  mesh  surface,  is  normal  to  the  surface 
as  directed  along  E  .  <J& 


I 
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This  is  the  defining  equation  for  the  "surface  electric  polarizability"  P. 


(2) 


Joints  of  reasonably  low  impedance  can  be  conveniently  described  in  terms  of  voltage  V.  (open  circuit) 
produced  on  the  "back"  side  of  a  jointed  surface  section  and  the  current  density  J  onJthe  "front"  side 
which  produces  it. 

Vj  '  Y"  Js  (3) 

This  is  the  defining  equation  for  the  joint  admittance  per  unit  width  Y.  of  a  joint  (figure  lc).  The 
reciprocal  of  Y,  is  the  transfer  impedance  of  a  unit  width  of  a  homogeneous  joint  and  Js  is  the  current 
per  unit  width  flowing  across  the  joint. 


2.3  Parameter  Measurements 


It  is  convenient  to  measure  z$,  P,  and  Y,  in  cylindrical  samples  of  the  shielding  materials.  Six-lnch- 
diameter,  36-inch-long  sample!  of  jolntea  and  unjointed  materials  were  evaluated  in  a  quadraxial  test 
facility.  A  description  of  such  a  facility  has  been  given  by  Knowles  (Knowles,  E.  D.  -  1969). 
Circumferential  joints  were  formed  in  cylindrical  samples  and  tested  in  a  manner  similar  to  connector 
joints  (figure  2). 

Reduction  of  parameter  data  from  quadrax  data  is  complicated  at  high  frequencies  by  the  sample  electrical 
length.  Straightforward  transmission-line  models  for  the  quadrax  can  be  used  to  reduce  this  parameter 
data.  At  low  frequencies  the  reduction  is  purely  geometrical;  this  is  sketched  here. 

In  figure  2  it  can  be  seen  that  the  quadrax  response  for  a  cylinder  of  length  L  and  radius  a  Is 

l4> 

The  "voltage  drop"  across  the  cylinder  transfer  impedance  z  L/2n  a  due  to  the  exterior  sample  current  I. 
is  2V, .  This  drop  splits  equally  between  the  inner  line  terminations  Z,  =  Z  .  The  surface  transfer 
impedance  z  is  calculated,  using  (4),  from  the  quadrax  transfer  Impedance  VjVI,  .  Equation  (4)  gives 
the  entire  quadrax  response  when  P  and  Yj  effects  are  negligible.  n 

Ihe  joint  admittance  per  unit  joint  width  is  determined  from  the  sample  joint  transfer  impedance,  Z,, 
where  1 

ZJ  “  YTSa  W 
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When  the  joint  Is  much  "leakier"  than  the  sample  material  the  quadrax  response  Is 

\  -  *1n  V2 


When  the  unjointed  portion  of  the  sample  contributes  significant  leakage  this  must  be  subtracted  out 
using  the  of  the  material  and  the  unjointed  length,  L‘,  i.e. 


VL  -  VL 


*1n  zs  L1 


Except  for  coarse  meshes  the  contribution  of  P  Is  usually  negligible  In  the  matched  sample  configuration 
of  the  quadrax.  When  Its  effect  Is  small,  It  can  be  shown  that  the  effect  can  be  eliminated  by  merely 
averaging  the  Inner  line  response  voltages.  To  Isolate  P  In  this  case  the  quadrax  can  be  connected  with 
an  open-circuited  drive  line.  The  connection  essentially  eliminates  the  sample  exterior  current  I.  and 
the  z  ,  Y,  contributions.  P  is  determined  from  the  transfer  capacitance  between  outer  and  Inner  lines 
C,.  Vance  (Vance,  E.  F.  -  1971)  and  Kaden  (Kaden,  H.  -  1959)  have  related  the  effective  dipole  moment 
of  a  small  shield  aperture  to  the  transfer  capacitance  CT  It  produces  In  a  triaxlal  configuration.  The 
dipole  moments  and  transfer  capacitances  of  the  aperture  array  of  a  mesh  can  be  collected  and  the  relation 


between  P  and  Cx  written  as 


P  Cint  Cext 


where  £  Is  free  space  permittivity,  and  C1nt  and  Cgxt  are  the  Inner  and  outer  line  capacitance  per  unit 
length. 

In  general,  the  fields  inside  a  shield  constructed  of  jointed  materials  without  apertures,  except  for 
those  of  mesh  material,  can  be  written  as  a  linear  combination  of  exterior  and  p  with  parameters 

n  v  S  S 


P.  V  ,. 


»!"„'}  '  #[‘2*  W-slon  *  W>  ■  *  p  CP  •  r»]ds  <9> 


2.4  Examples 


Expressions  for  the  electric  and  magnetic  fields  inside  a  small  hollow  mesh  sphere  can  be  adapted  from 
standard  sphere  solutions  (Kaden,  H.  -  1959).  In  a  uniform  field,  E1nc  and  H'nc  the  fields  at  the 


sphere's  center,  can  be  shown  to  be  given  by 


Iwe  4azs 


where  a  Is  the  sphere  radius.  Comparison  Is  shown  in  figure  3  between  measured  and  calculated  fields  for 
a  30-lnch-dlameter  sphere  constructed  of  18  mesh,  10-mil  phosphor/bronze  screen.  Actually,  the  measured 
geometry  was  the  equivalent  hemisphere  mounted  on  the  floor  of  a  plane  wave  simulator. 

Similar  expressions  can  be  constructed  for  cylindrical  shells.  Fields  have  been  predicted  successfully 
In  a  number  of  cylindrical  shells  constructed  of  graphite  laminates,  metal  foils  and  meshes,  and  graphites 
coated  with  foils  and  meshes. 


Measured  currents  on  axis  parallel  Interior  conductors  also  have  been  predicted  with  good  accuracy  using 
similar  approaches  and  measured  zs  and  P  data.  Some  examples  are  given  In  figure  4. 

3.0  EMPIRICAL  RESULTS 

3.1  Test  Specimens  for  HF  Measurements 

Tests  were  conducted  on  samples  of  (1)  composite  laminates,  (2)  metal  foils,  (3)  metal  screens,  (4) 
aluminum  flame  spray,  (5)  aluminum  honeycomb  core,  and  (6)  combinations  of  (2)  through  (5)  with  composite 
laminates.  In  most  cases  combinations  were  not  bonded.  An  evaluation  program  showed  that  bonded  and 
unbonded  shielding  materials  have  the  same  shielding  effectiveness.  Three  principal  reinforcing  materials 
were  evaluated:  graphite,  boron,  and  S-glass.  The  graphite  fibers  were  T-300,  HTS,  and  HMS,  all 
Impregnated  with  5208  resin  from  Whittaker.  The  boron  was  Rigid i te  5505  prepreg  from  AVCO  and  the  S-glass 
was  unidirectional  Scotchply  with  a  1002  resin  system  from  the  3M  Corporation.  These  materials  were 
selected  because  they  have  been  extensively  characterized  mechanically  and  applied  to  structural  compo¬ 
nents  by  Industry. 


Initial  testing  on  a  large  number  of  the  above  materials  was  accomplished  using  flat-plate  magnetic 
shielding  effectiveness  (MSE)  techniques,  I.e.,  measurement  of  the  change  In  coupling  between  two  closely 
spaced  loops  when  a  flat-plate  sample  of  material  Is  placed  between  the  loops.  This  allowed  the  various 
materials  to  be  ranked  so  only  the  most  promising  were  used  for  detailed  parameter  measurements.  For 
example,  graphite  composites  (with  or  without  metal  coatings).  In  0°/90°  layups  exhibited  predictable 
shielding  which  was  very  significant  for  laminate  thicknesses  approaching  those  required  for  aircraft 
skin.  Boron  composites,  on  the  other  hand,  were  found  to  be  difficult  to  join  electrically  and  produced 
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unpredictable  and  mediocre  shielding.  S-glass  composites  provided  no  significant  amount  of  shielding. 

All  test  specimens  for  the  Quadrax  tests  were  6  Inches  In  diameter  and  36  Inches  long.  The  materials 
used  were  24-ply  T-300/5208  and  12-ply  HTS/5?,0ft  for  the  composites,  and  a  aluminum  and  copper  foil  and 
aluminum  and  phosphor/bronze  screens  for  coating  materials. 

Joint  configurations  that  were  evaluated  fell  Into  three  categories:  (1)  structural  joints,  (2)  screen/ 
graphite  joints,  and  (3)  coating  joints  appropriate  In  screen  and  foil  overlays  on  composites.  The 
desired  joint  parameter  Is  the  joint  admittance,  Y,,  and  this  was  obtained  from  test  data  taken  in  the 
quadrax  on  6-1nch-diameter  test  specimens,  usua11yJabout  0  inches  long.  The  structural  joints  selected 
were  typical  of  the  joints  In  current  use  on  composite  structures,  both  compos ite-to-composite  and 
composite- to-metal ,  The  test  specimens  were  all  fabricated  with  0°/90°  construction  (a  double  90°  at 
mid-plane) .  They  were  precompacted  and  partially  cured  every  4  to  6  plies.  Each  nonmetalllc  cylinder 
end  was  provided  with  an  electrical  attachment  to  the  quadrax  test  fixture  by  Inserting  a  2-inch-wlde, 
100-mesh  PB  screen  one  Inch  Into  each  90°  center  ply,  and  a  single  screen  at  the  double  90°  center  plies. 

The  screen/ graphite  joint  was  developed  to  provide  the  electrical  contact  between  the  cylindrical 
graphite  test  specimens  and  the  quadrax  end-plates.  It  Is  fabricated  by  inserting  screen  between  every 
other  ply  during  layup. 

Screen  and  foil  coating  materials,  to  be  effective,  must  be  joined  electrically  to  coating  materials  on 
adjacent  composite  panels  or  to  adjacent  metal  where  composite  attachments  are  made.  The  methods  of 
joining  that  were  tested  are  ultrasonic  seam-weld,  epoxled  and  cured  at  90  psl,  spot-weld,  sea.n-weld, 
and  spot-weld  with  doubler. 

3.2  HF  Test  Results 

Shielding  material  data,  z  and  P,  reduced  from  quadrax  measurements  are  presented  In  figures  S  through  7. 
Figure  5  shows  the  resultssfor  the  coating  materials  alone,  i.e.,  aluminum  and  phosphor/tronze  screens. 

The  magnitude  of  z  Is  shown  as  a  function  of  frequency  while  P  is  independent  of  frequency  for  these 
samples  and  Is  only  listed  In  the  figures.  Figure  6  shows  results  for  the  graphite  laminates  alone  and 
figure  7  shows  results  for  coated  laminates.  Examples  of  joint  admittance  data  are  shown  In  figure  8. 

3.3  VHF  and  Microwave  Measurements 

Relatively  little  material  and  joint  data  has  been  taken  above  100  MHz.  Much  of  that  is  of  questionable 
quality  being  apparently  polluted  by  leakage  around  the  sample.  That  Involving  small  samples  transverse 
to  coaxial  lines  and  waveguides  are  questionable  due  to  unusual  current  distributions  of  abnormally  thin 
anisotropic  samples.  Also,  data  Involving  closure  of  a  box  enclosure  with  a  composite  sample  suffers 
from  the  current  distribution  problem  and  Is  therefore  not  extendable  or  usable  In  other  applications  of 
the  same  material  since  It  cannot  (or  at  least  has  not  been)  be  reduced  to  basic  material  or  joint  data. 

Microwave  measurements  of  material  and  joint  parameters  are  difficult  owing  to  a  shortage  of  wlde-band 
receivers  and  power  sources.  Generally,  measurements  are  made  one  octave  at  a  time  with  different 
sources,  amplifier,  plug-ins,  etc.  for  each  band.  There  Is  a  general  sensitivity  to  local  geometric 
detail  because  of  the  short  wavelengths  Involved.  Most  of  the  credible  data  taken  above  1  GHz  has  been 
obtained  from  transmission  loss  measurements  In  an  anecholc  chamber  of  some  form  (Force,  R.  D.  -  1979)  and 
(Strawe,  D.  F.  -  1900).  A  schematic  representation  of  this  approach  Is  shown  In  figure  9. 

Figures  10  and  11  show  a  working  anecholc  chamber.  This  one  consists  of  two  open-ended,  flanged, 
stainless  steel  boxes,  two  end  plates,  and  a  center  plate  which  includes  the  sample  holder.  Two  doors 
were  built  Into  one  of  the  boxes  to  access  the  sample  holder.  The  entire  chamber  was  lined  with  a 
blanket  type  microwave  absorber.  Antennas  are  mounted  on  the  end  plates  at  opposite  ends  of  the  chamber. 
Two  antennas  are  required  to  cover  the  1  to  18  GHz  frequency  range.  The  two  chamber  compartments  are 
separated  by  the  center  plate,  which  contains  the  material  or  jointed  panel  to  be  measured. 

A  simple  butt  type  joint  was  fabricated  In  one  8-ply  and  one  16-ply  panel.  A  sketch  of  a  butt  joint  is 
shown  in  Figure  12.  The  joint  consists  of  a  slot  or  gap  between  two  panels,  a  cap  over  the  gap,  and  one 
row  of  fasteners  on  each  side  of  the  gap  joining  the  three  members  together.  This  type  of  joint  Is  found 
on  the  leading  edge  and  wing  skin  of  commercial  aircraft. 

Construction  of  sample  joint  1  was  accomplished  by  first  cutting  a  0.12  inch  wide  slot  14  inches  long  In 
a  16-ply  panel,  cutting  a  3  Inch  wide  by  15  Inch  long  cap  from  another  graphite  epoxy  panel  (8-ply  with 
0°.  90°,  0°,  90°,  etc.  layup),  machining  two  rows  of  holes  in  the  cap  and  panel,  then,  fastening  the  cap 
to  the  panel.  Each  row  of  fasteners  was  Q.75  Inches  from  the  center  of  the  slot  In  the  panel.  The 
fasteners  were  made  of  titanium  coated  with  an  aluminum  epoxy  paint  which  is  electrically  non-conductlve. 
Each  row  contained  15  fasteners  spaced  one  Inch  apart.  The  holes  for  the  fasteners  were  a  few  thousandths 
of  an  Inch  larger  In  diameter  than  the  shaft  of  the  fastener.  This  Is  considered  a  non-interference  fit. 
Countersinking  of  the  holes  was  required  to  accommodate  the  head  of  the  fasteners. 

Sample  joint  2  was  constructed  In  an  8-ply  panel  in  an  identical  manner  as  joint  1.  However,  before 
fastening  the  cap  to  the  panel  the  mating  surfaces  of  the  panel  and  cap  were  lightly  sanded  to  expose  the 
graphite  surface.  In  joint  1  the  mating  surfaces  are  epoxy,  a  non-conductlve  material.  In  addition  the 
titanium  fasteners  used  In  joint  2  were  uncoated  and  the  holes  were  drilled  slightly  smaller  than  the 
shaft  of  the  fasteners  providing  an  Interference  fit.  Thus,  It  was  Intended  that  joint  2  would  be  an 
Improved  version  of  joint  1  because  of  the  electrical  contact  between  fasteners  and  graphite  fibers  In 
the  panel  and  cap,  and  between  mating  surfaces  of  the  cap  and  panel. 

After  construction  of  the  joint  It  was  discovered  that  the  coated  fasteners  in  joint  1  made  electrical 
contact  with  the  graphite  fibers  In  the  panel.  Examination  of  the  fasteners  showed  that  the  coating  had 
been  removed  or  not  applied  properly  around  the  head  of  the  fastener.  Every  fastener  In  both  jointed 
samples  was  found  to  be  electrically  connected  to  the  graphite  fibers.  Thus  the  only  major  difference 
between  joints  1  and  2  Is  the  electrical  contact  In  the  mating  surface  area.  Figure  13  contains 
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photographs  of  an  unjointed  graphite  epoxy  panel,  and  a  complete  joint.  Figure  14  portrays  the  other  side 
of  the  joint  and  the  joint  and  cap  prior  to  assembly. 

The  joint  admittance  of  the  test  samples  Is  deduced  from  their  transmission  data  taken  In  the  anechoic 
chamber.  The  transmission  transfer  function  from  input  to  output  port  Is  measured.  It  has  the  multiplier 
YJ '  so  that  Y,  can  be  determined  by  comparison  ol  transmission  data  with  that  of  a  standard  slotted 
panei.  The  joint  admittance  of  a  linear  array  of  thin  electrically  short  slots  Is  easily  calculated  from 
standard  formulas  (Kaden,  H.  -  1959)  and  (Marcuvltz,  N.  -  1951).  Since  the  test  geometries  and  trans¬ 
mission  factors  are  the  same  for  unknown  and  standard  slotted  "joints"  except  for  the  joints  and  their 
Y.'s,  the  ratio  of  transmission  factors  is  the  ratio  of  Y.'s.  Commonly,  only  the  magnitude  of  Y,  is 
obtained  because  of  difficulties  In  accurate  phase  measurements.  If  the  transmission  factors  are  defined 
as 

D 

t  =  R  (power  received) 

=  P-j-  (power  transmitted) 

Then 


An  array  of  thin  electrically  small  rectangular  slots  iayed  out,  as  shown  In  Figure  15,  with  slot  length 
W,  width  6,  center-center  spacing  S.and  N  parallel  lines  of  slots  has  the  joint  admittance: 
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(13) 


As 
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an  example,  slotted  reference  2  consists  of  a  single  line  (N»l)  of  rectangular  slots  with  S  *  1", 

1  .032",  and  U  •  0.2".  The  above  formulation  Indicates  that  well  below  slot  resonance  at  ss25  GHz  the 
is  approximated  by 
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The  joint  admittance  of  the  slotted  reference  2  and  that  of  joints  1  and  2  are  shown  In  Figure  16.  Note 
that  below  slot  resonance,  the  reference  slot  array  degrades  monotonlcally  with  Increasing  frequency 
while  joints  1  and  2  monotonlcally  Improve.  The  Improved  joint  (2)  Is  comparable  to  the  slotted  reference 
at  S-Band  but  Is  50  dB  superior  at  Ku-Band.  The  surface  sanding  and  Interference  fit  of  fasteners  used 
In  joint  2  load  to  10-30  dB  Improvement  over  Its  untreated  baseline  configuration  joint  1.  The 
accidental  contact  of  the  fasteners  In  joint  1  to  the  graphite  fibers  undoubtedly  Improves  the  joint 
over  the  more  common  Isolated  fastener  used  in  practice. 

4.0  CONCLUSIONS 

Much  more  data  has  been  measured  than  could  be  presented  In  this  paper.  The  conclusions  that  follow  are 
based  on  a  larger  data  base. 

1.  Single-component,  multilayer,  multidirectional  composites  composed  of  graphite  tapes  behave  as  2  axis 
Isotropic  materials  and  can  be  described  electrically  by  the  surface  transfer  Impedance  z  .  Joints 
In  these  materials  can  be  made  with  a  very  high  admittance  per  unit  width  using  screen  Inserts,  so 
that  the  joints  are  effectively  invisible  electrically. 

A 

2.  Graphite  composites  normally  exhibit  an  In-plane  Isotropic  conductivity  of  1-2  x  10  Mho/meter  for 
all  frequencies  up  to  1  GHz  (Strawe,  D.  F.  -  1975;  Force,  R.  D.  -  1977).  From  1-20  GHz  there  Is 
evidence  (Force,  R.  D.  -  1977)  to  Indicate  a  decline  Ino  by  perhaps  a  factor  of  2,  although  this 
may  be  a  result  of  measurement  error.  Above  1  GHz  graphite,  In  layups  of  8  or  more  plies,  Is 
practically  opaque,  with  dominate  leakages  coming  from  joints.  For  this  case,  the  actual  value  of 
effective  conductivity  Is  unimportant.  The  material  displacement  current  Is  always  dominated  by 
conduction  current  so  that  permltlvlty  Is  also  unimportant.  Third  ax1$  (normal  to  sheet)  conductivity 
Is  normally  lower  by  over  an  order  of  magnitude. 

3.  Hybrid  composites  that  isolate  graphite  plies  with  non-conducting  plies  (e.g.,  glass,  Kevlar,  etc.) 
will  require  that  each  graphite  layer  be  continuous  electrically  at  each  joint  to  take  advantage  of 
the  shielding  afforded  by  each  graphite  ply.  Such  composites  will,  In  general,  not  be  descrlbable 
by  a  z  ,  P  or  Y,  material  parameter  as  are  the  homogeneous  materials  where  the  conducting  plies  are 
In  Intimate  contact.  For  many  applications,  hybrid  composite  shielding  characteristics  may  be 
approximated  using  these  parameters,  but  In  others  they  wll  exhibit  effects  due  to  trapped  Inter-ply 
modules  In  the  non-conducting  material  between  the  graphite  plies.  In  these  cases,  flat-plate  MSE 
will  not  have  a  uniqueness  comparable  to  that  of  the  simpler  single-component  graphite  composites. 

4.  Boron  composites  at  low  and  Intermediate  frequencies  are  anisotropic,  poorly  conducting  materials  for 
which  no  good  joining  technique  could  be  found.  This  Is  In  contrast  to  the  graphite  composites  where 
an  excellent  electrical  bond  to  the  graphite  fibers  was  achieved  by  inserting  screen  between  alternate 
graphite  plies.  The  shielding  characteristics  of  boron  composites  cannot,  therefore,  be  described  by 
unique  values  for  MSE,  z$  or  Yj  which  are  required  for  a  general  analysis. 

5.  Composites  made  of  non-conducting  materials  such  as  S-glass  and  Kevlar  cannot  be  described  by  the 
basic  material  parameters  and  have  no  significant  shielding  effect. 
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6.  Uncoated  graphite  composites  and  composites  coated  with  foil,  screen,  or  flame  spray  must  be 
electrically  joined  to  neighboring  structure,  so  as  to  form  closed  conducting  shells,  If  they 

are  to  contribute  optimally  to  the  shielding  of  the  Interior.  Ultrasonic  seam  welding  of  aluminum 
screen  and  foil  coatings  provides  an  optimum  coating  joint,  once  the  appropriate  welding  schedule 
has  been  determined  for  the  mesh  size  and  alloy  used. 

7.  The  shielding  characteristics  of  materials  and  joints  with  well  defined  zs,  P,  and  Y,  can  be  analyzed 
in  a  conventional  manner,  except  that  (a)  large  z  may  affect  the  exterior  current  response  and  will 
produce  substantial  Interior  responses  due  to  direct  penetration  through  the  material,  and  (b)  non¬ 
zero  P  will  require  a  distributed  electric  aperture-coupling  analysis  in  addition  t6  the  conventional 
diffusion-type  analysis  Involving  z$. 

8.  Screens  and  foils  can  be  Incorporated  within,  or  on  the  surface  of,  composites  during  fabrication 
without  Impacting  the  processing  or  curing  schedule  of  the  material.  No  Incompatibilities  In  thermal 
expansion,  voids,  or  delaminations  have  been  detected.  They  are  also  not  expected  to  compromise  the 
structural  properties, 

9.  Aluminum  flame  spray  is  an  Isotropic  good  conductor  with  conductivity  10  to  30  times  below  that  of 
pure  aluminum  and  a  density  1/3  to  1/2  that  of  aluminum. 

10.  Standard  butt  joints  with  doubler  and  standard  fasteners  provide  poor  electrical  joints  In  the  0-100 
MHz  range.  They  may  be,  because  of  the  common  use  of  corrosion  protection  coatings,  a  totally  open 
circuit.  This  would  seriously  affect  the  penetration  of  attached  lightning  currents  (and  other  HF 
region  threats)  Into  an  aircraft  Interior.  Although,  required  joint  Y,  has  not  been  established  for 
aircraft  skin  applications.  It  appears  that  microwave  leakage  through0 joints  will  present  a  lesser 
problem  than  HF  leakage. 
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SUMMARY 

The  purpose  of  the  work  presented  here  was  to  find  a  mathematical  theory  to  describe  the  electro¬ 
magnetic  behaviour  of  material  consisting  of  a  sequence  of  Carbon  Fibre  Composite  laminae.  The 
analysis  applies  to  approximately-planar  regions  which  are  not  near  joints,  bonds  or  other  electrical 
discontinuities.  The  model  adopted  is  an  infinite  sheet  and  each  carbon  fibre  lamina  is  modelled  as  a 
homogeneous  anisotropic  conducting  lamina.  Some  theoretical  justification  for  this  is  given.  An 
alternative  theory  based  on  replacing  the  entire  ah. et  by  a  single  homogeneous  layer  has  also  been  con¬ 
sidered  and  its  range  of  validity  investigated.  The  conductivities  used  were  obtained  experimentally 
from  unidirectional  samples  by  other  researchers. 

We  calculate  the  shielding  (0-1  GHz)  of  a  plane  wave  normally  incident  on  the  infinite  sheet  and 
also  the  reflected  field.  We  calculate  the  shielding  improvement  for  a  thin  aluminium  coating.  We 
also  investigate  the  variation  of  apparent  resistivity  with  frequency. 

We  show  that  as  regards  rhielding  and  reflection  the  infinite  sheet  can  be  characterised  by 
surface  and  transfer  impedances.  These  quantities  can  be  used  to  calculate  electromagnetic  field 
shielding  of  finite  objects.  Rome  calculations  (using  the  Fourier  Transform)  are  given  of  shielding  by 
a  plane  screen  when  illuminated  by  an  Electromagnetic  Pulse. 


1.0  INTRODUCTION 


In  order  to  calculate  certain  electromagnetic  properties  of  Carbon  Fibre  Composites,  CFC,  such  as 
shielding,  antenna  behaviour,  it  is  not  immediately  clear  how  to  model  the  CFC.  Each  CFC  lamina  con¬ 
sists  of  a  dielectric  material  within  which  the  individual  carbon  fibres  lie.  It  was  decided  to  model 
a  single  lamina  as  a  homogeneous  conducting  material  which  is  anisotropic,  i.e.  has  different  con¬ 
duct!  vitier  in  different  directions.  Some  justification  for  this  is  presented  later.  The  infinite 
carbon  fibre  wheat  is  new  modelled  as  a  sequence  of  laminae,  each  with  the  conductivity  tensor  orien¬ 
tated  in  a  direction  depending  on  the  fibre  direction.  Using  this  model  we  have  calculated  the 
shielding  (0-lGUx)  of  a  plane  wave  normally  incident  on  the  infinite  sheet.  We  have  also  calculated 
tlie  shielding  improvement  if  a  thin  aluminium  coating  is  applied.  We  also  estimate  whether  antenna 
performance  is  likely  to  be  affected  by  the  CFC.  The  variation  of  apparent  resistivity  with  frequency 
is  calculated  and  compared  with  experimental  results  obtained  elsewhere. 

We  show  that  the  infinite  screen  can  be  characterised  by  surface  and  transfer  impedances .  These 
quantities  can  be  used  to  calculate  electromagnetic  field  shielding  of  finite  objects.  The  surface 
and  transfer  impedances  are  calculated  by  computer  and  no  simple  formula  is  available  for  them  unless 
the  frequency  is  low  enough. 


A  much  simpler  model  of  a  CFC  sheet  has  also  been  considered.  The  entire  sheet  is  replaced  by  a  single 
homogeneous  layer  with  a  conductivity  tensor  that  is  obtained  by  an  averaging  process  across  all  the 
individual  laminae.  Where  possible  the  two  theories  have  been  compared. 

2.0  DISCUSSION  OF  MAGNIFIED  PHOTOGRAPHS  OF  CPRF  LAMINATES 

To  obtain  an  adequate  understanding  of  the  electromagnetic  behaviour  of  a  CFRP  panel  it  was  felt 
necessary  to  obtain  detailed  knowledge  of  how  the  carbon  fibres  lie  iri  a  typical  CFRP  panel.  This  was 

done  by  photographing,  under  magnification,  cross-sections  cut  through  various  CFRP  lay-ups.  Some  of 

the  photographs  taken  are  given  in  diagram  1.  In  photograph  A  (magnification  x  60)  we  can  surmise  the 
fibre  directions  from  the  appearance  of  the  cross-section  of  an  individual  fibre.  In  lamina  1  the 
fibres  are  in  the  O0  direction.  The  angle  here  is  measured  between  the  fibre  and  the  plane  of  the  cut. 
The  next  lamina  (lamina  2)  is  at  45°  (approximately)  since  the  fibre  cross-sections  are  slightly  ellipti¬ 
cal.  In  lamina  3  the  fibres  are  at  90°. 

In  photograph  B  (magnification  x  600)  the  location  of  individual  fibres  is  clearly  discernible.  The 
fibres  have  a  diameter  of  the  order  of  8-lo  x  lo  Jmm.  In  general  the  fibre  locations  are  random  in 
nature  except  that  in  some  of  the  photographs,  especially  photograph  C,  there  are  regions  where  fibres 
are  absent.  These  regions  generally  occur  between  laminae.  This  raises  the  problem  of  possible 
inter-lamina  resistance.  A  discuss)  n  of  this  is  given  in  Section  7. 

3.0  MATHEMATICAL  ANALYSIS  OF  A  SINGLE  LAMINA 

We  assume  that  the  frequency  is  such  that  the  diameter  of  each  carbon  fibre  as  well  as  the  spacing 
between  carbon  fibres  is  small  compared  to  the  wavelength.  This  is  clearly  the  case  in  the  range 
0-lGHz.  Because  of  the  complexity  of  the  actual  distribution  of  fibres  within  a  lamina  we  aim  to  model 
a  single  lamina  by  a  homogeneous  material  which  is  anisoptropic  i.e.  has  different  conductivities  in 
different  directions.  Such  a  material  is  called  biaxial. 


. .  i’W.-  i, 
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3.1  conductivity  Parallel  to  Fibres 

We  follow  the  theory  presented  in  (Casey,  K.F.  1976) .  We  have  studied  this  theory  carefully  to  ascertain 
whether  it  is  necessary  to  correct  the  familiar  d.c.  model  of  conductivity  parallel  to  the  fibres,  when 
dealing  with  the  a.c.  case.  The  d.c.  model  asserts  that  o^,  the  conductivity  parallel  to  the  fibres, 

“  qc.,  where  q  is  the  volume  fraction  occupied  by  the  fibres  and  a ^  is  the  conductivity  of  the  carbon 
which  the  fibres  consist  of.  ^ 


We  make  the  following  assumptions :- 

(a)  The  distance  between  fibres  is  small  compared  to  the  wavelength. 

(b)  The  fibre  radius,  b,  say  is  small  compared  to  the  skin  depth  of  the 
carbon  which  the  fibres  consist  of. 


In  practice  (b)  is  satisfied.  The  skin  depth,  6f,  of  the  carbon  is 


ZH 

“  /wu  a 


I  V  £ 

O  £ 


4 

We  estimate  a,  ■  7,7  *  10  mho/m.  (This  value  is  taken  from  (ERA,  1979)  where  they  state  that  certain 
fibres  have  resistivity  1.3  x  10-5  Qm.)  At  1  GHz  cf  C  .057  mm.  Since  b,  is  of  the  order  of  .01  mm 
condition  (b)  is  satisfied. 

b 

The  effect  of  (b)  is  that  the  component  of  electric  field  parallel  to  the  fibre  axis  completely  pene¬ 
trates  the  fibre.  We  further  assume  that  the  current  in  a  fibre  is  uniform  across  its  cross-section. 
Choose  coords.  (x,y,z)  such  that  x  is  in  the  fibre  direction.  z  is  perpendicular  to  the  plane  of  the 

lamina.  We  model  the  lamina  as  a  sequence  of  uniformly  spaces  fibres  as  shown  in  figure  2.  The 
distance  netween  the  fibres  in  the  y-direction  is  a  and  in  the  z  direction  is  d. 

-lux 

Consider  a  plane  CW-wave  incident  on  the  lamina .  Assume  that  the  x-variation  of  the  field  In  a  and 
y-variation  e~^vy.  The  range  u,  v  is  to  +  “•  The  infinite  range  arises  because  the  field 

generated  by  a  localized  source  e.g.  an  antenna  external  to  the  lamina  consists  of  such  plane  waves  where 
u,  v  can  vary  from  -«•  to  +«  •  The  time  variation  it  e  '. 


We  consider  a  particular  row  of  fibres  assumed  to  be  in  the  plane  Z“G.  Let  the  origin  (0,0,0)  t»  on  the 
axis  of  soma  fibre.  We  analyse  the  electrical  properties  cf  this  row  of  fibres  by  considering  the 
situation  depicted  in  figure  3.  It  consists  of  the  row  of  fibres  embedded  in  the  epoxy  resin  which 
extends  indefinitely  in  all  directions.  This  amounts  to  assuming  that  successive  rows  of  fibres  inter¬ 
act  only  via  the  plane  wave  reflected  and  transmitted  by  a  row.  This  is  justified  in  (Casey,  K.F.  1976) 
who  shows  that  the  reactive  field  interaction  between  adjacent  rows  is  nsgllgible.  The  electric  field 
incident  on  the  row  of  fibres  is 


Einc  .  inc  inc  Einc  -jux  -jvy  e-jwz 

—  x  y  z 

/~2  2  2 
w  is  determined  by  w  ■  /  k  -  u  -  v  . 

1  w 

2  2 

k  ■  «  £  u  #  where  e  is  the  permittivity  of  the  resin.  The  square  root  for  w  is  chosen  to  represent 

m  m  “  222  222 
a  wave  travelling  in  the  +z  direction. i.e.  if  u  +  v  <  k  the  w  is  real  and  positive)  if  u  +  v  >  k  , 

m  c  m 

w  is  negative  pure  imaginary, 
i  ux 

Let  IQe  J  be  the  bulk  current  flowing  in  the  fibre  whose  axis  passes  through  (0.0,0) .  Then 

the  current  flowing  in  the  fibre  wliose  axis  passes  through  (0,na,  o)  is  I  e  ^uxe  ^vna.  Here  . 

o 

The  bulk  current  is  assumed  uniformly  distributed  through  the  fibre;  All  field  quantities  calculated 
below  are  assumed  calculated  within  the  fibre  passing  through  (0,0,0) .  The  x-component  of  the  vector 
—i  ux 

potential  due  to  IQe  is 


’  ^  Ie-juXH(2) 
4  o  o 


(kb) ,  where 


i  -  A2  2 


k  -  u  , 
m 


,12) 


H  is  the  Hankel  function  of  the  second  kind, 
o 

The  x  component  of  the  vector  potential  due  to  the  current  in  the  nth  fibre  is 
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This  formula  is  taken  from  (Abramowitz  and  Stegun,  1965)  aquatio.i  9.1.75.  The  average  of  this  value 
within  the  fibre  is  (approximately) 


"  V  I  e^“‘.^VnaH(2)  <*|n|a> 

4  o  o 

This  raquiros  the  assumption  that  |jtb|  «  1. 

The  x-component  of  the  vector  potential  due  to  all  the  fibre  currants  in  the  row  is 


Ax  -"-V  Xo*  P»(2)  &>)  +  l  ."3vnV2)  (it|n|a|] . 
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The  following  expreaaion  can  be  derived  (assuming  va  <<  1) , 
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f  electric  field  is 
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The  total  x-component  of  electric  field  is 
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From  (Casey  K.F.,  1976)  we  have  that  the  electric  field  due  to  all  the  fibre  currents,  averaged  along 

the  V-Mki b  i B 
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We  now  define  the  average  conductivity  for  the  region  |z|  <  d/2  by 
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Thus  if 
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we  deduce 


With  <j,  «  7.7  x  lO4,  b  -  1  x  10  5,  a  -  2.3  x  10  ^  c  -  3.5  e 

£  a  o 

condition  4  becomes 
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where  F  is  the  frequency  in  MHz.  k  -  u  e^p^ 
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The  criterion  5  amounts  to  a  restriction  on  the  value  of  u.  When  considering  surface  currents  on 
aircraft  this  means  that  they  mustn't  vary  too  rapidly  compared  with  the  wavelength.  At  1GHz  the 
condition  5  is  roughly 

|u/k  |  «  12. 

This  appears  to  be  satisfied  for  most  cases. 

We  deduce  that  the  single  row  of  fibres  depicted  in  figure  3  behaves  as  a  homogeneous  layer  of  thickness 
d  with  conductivity  -  qof  in  tha  x-diraction.  Thus  the  sequence  of  rows  of  fibres  in  figure  2 

behaves  like  a  homogeneous  lamina  with  x-conductivity  qof. 

Whan  we  turn  to  tha  chaotic  arrangement  of  fibres  shown  in  piioto  B  figure  1  it  seems  reasonable  to 
deduce,  in  the  light  of  the  above  analysis  of  a  simplified  model  of  a  CFRP  lamina  (i.e.  a  regular  array 
of  fibres) ,  that  correction  terms  to  the  volume  fraction  theory  for  x-conductivity  will  be  negligible 
in  the  frequency  range  of  O-lGHz. 

The  value  of  a  used  in  our  subsequent  analysis  is  obtained  from  experimental  work  CERA,  1979)  on  uni- 

X  4 

directional  material,  c -  4.76  x  10  mho/m. 

3.2.  Conductivity  Perpendicular  to  the  Fibres 

We  investigate  the  average  conductivity  of  a  simple  lamina  in  the  two  directions  y  and  z.  z  is 
perpendicular  to  the  plane  of  the  lamina,  see  figure  2. 

A  theory  for  the  d.c.  case  can  be  based  on  some  formulae  given  in  (Bueche  F . ,  1972). 


The  presence  of  conductivity  in  the  y  and  z  directions  arises  because  of  the  formation  of  infinite 
chains  of  contact  between  fibres.  "inite  chains  of  contact  between  fibres  do  not  give  rise  to  net 
conductivity  in  the  y  and  z  direction  and  so  to  sstimate  a  and  a  it  is  necessary  to  know  the 

y  * 

proportion  of  fibres  involved  in  infinite  chains  of  contact.  Formulae  for  tills  quantity  are  given  in 
(Bueche  F.  1972)  .  We  specialize  these  formulae  to  tha  2-dimensional  case  where  the  ''particles"  are 
circular. 


bet  q  be  the  volume  fraction  occupied  by  the  fibres. 

bat  qkuu(  he  the  maximum  possible  volume  fraction  occupied 
by  the  fibres. 

<lnax  is  determined  by  the  densest  possible  packing  of  the  fibres,  and  »  it/  (2/3) 

Put  a  “  q/qmjv .  If  y  is  the  smallest  root  of  the  equation i- 
uU-o)4  -  y  (1-y) 4 

then  tha  fraction  of  fibres,  wf,  involved  in  infinite  chains  of  contact  is  given  by 
wf  *■  1  -  (l-o)  2y/(l-y)  2a) , 
q  is  typically  .6  and  we  deduce 
Wf  -  .9985 

i.e.  virtually  100%  of  fibres  are  involved  in  infinite  chains  of  contact. 


Infinite  chains  of  contact  between  the  fibres  which  are  responsible  for  the  conductivity  in  the 

z-direction  involve  the  contact  resistance  R  .  R  is  defined  as  the  resistance,  for  a  unit  length 

z  z 

i/,l  the  x-direction,  between  two  fibres.  We  also  define  R^,  analogously,  when  dealing  with  infinite 

chains  involved  in  the  y-conductivity .  R  and  R  may  be  different  because  even  though  photograph  B 

y  z 

of  diagram  1  appears  to  indicate  little  difference  between  y  and  z  direction,  the  process  of  CFRP  panel 
construction,  involving  pressure  in  the  z-direction  may  produce  R2  <  Ky-  An  estimate  of  the  resistivity 

in  the  y  and  z-directions  is  now  possible,  in  terms  of  R  and  R  . 


p  -  irR  /4q  and  p  -  itR  /4q. 
z  z  y  y 

This  result  is  h.iaed  on  a  simplified  model  shown  in  figuro  4. 
q  ■  nb/2a . 

From  figure  4  we  can  deduce  imnediately  that  P2  “  Rz  a/2b. 

The  upoxy  matrix  is  assumed  insulating. 


The  fibre  diameter  is  -  2b.  Then 


Unfortunately  the  above  theory  really  only  provides  a  qualitative  description  of  the  nature  of  the 
y  and  z-conductivlty.  Estimation  of  R^  and  seems  impossible.  We  must  rely  on  measurements. 
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According  to  (Baskerville  M.W.,  1978) 

°z  (-x/P^)  -  40  mho/m 
°y  (”1/P^)  -  100  mho/m 

These  are  baood  on  measurements  of  a  unidirectional  sample.  According  to  (ERA,  1979). 

ay«  105 . 3  mho/m 

a  was  not  measured, 
z 

Because  of  the  uncertainty  of  oz  we  have  used  both  o„  »  40  and  105.3.  it  turns  out  that  for  shielding 

calculations  the  precise  value  is  not  too  important  provided  it  is  not  too  low.  The  value  of  a  used 
was  105.3  mho/m.  ^ 


The  above  analysis  is  purely  d.c.  We  have  not  attempted  to  construct  an  a.c.  model.  Except  fox' 
purely  unidirectional  material,  the  conductivity  (being  considerably  larger  than  a ^  and  0z)  dominates 

the  shielding  properties  of  a  CFRP  sheet.  In  view  of  this  and  the  likely  complexity  of  the  problem, 
we  have  not  felt  it  is  worthwhile  attempting  a  detailed  a.c.  analysis  of  y  and  z-conductivity .  We 
have  made  the  assumption  that  we  can  use  a  ^  and  in  our  time  harmonic  analysis. 

4.0  THEORETICAL  ANALYSIS  OF  A  SEQUENCE  OF  ANISOTROPIC  CONDUCTING  OR  DIELECTRIC  LL.MINAE  . 

Figure  5  shows  an  infinite  sheet  consisting  of  a  sequence  of  laminae.  We  suppose  that  the  z  axis 
is  normal  to  the  plane  of  the  sheet,  and  we  have  chosen  Cartesian  coordinates  (x1,  y1,  z)  with 
origin  on  one  of  the  faces  as  shown. 

Assume  an  incoming  plane  wave  E^nc,  H^nc,  with  propagation  vector  kino  -  (u1,  v1,  w)  - 

k  (sinecos4,  sinOsin$,  coso),  is  incident  on  the  sheet.  The  time  variation,  suppressed,  is  e^ut. 

Then 

,,inc  .,o  -j  (u'x1  +  v1  y1  +  wz) 

u  .  *  £i  6 

X1  X 

and  similarly  for  the  other  components. 


W  is  determined  by 


„  /  ,  2  .2  ,2 
W  ■  /  k  -  u1  -  v1 


k2- 


u  eQ  viq,  u  is  the  angular  frequency. 


2  2  2 

w  is  real  and  positive  if  u*  +  v1  <  k  or  negative  pure 


Tho  quantities  u',  v'  are  always  real. 

imaginary  if  u'2  +  v'2  >  k2. 

Suppose  the  rth  lamina  lies  between  z  «  z  .  and  z  »  z  .  The  r*"*1  lamina  of  thickness  d  ,  has  a  com- 

r—x  ^  r  r 

bined  conductivity  and  permittivity  tensor  (a  ) ,  which  is  diagonal  with  respect  to  a  set  of  axes 


(x,  y,  z)  which  vary  with  each  lamina. 
(x1,  y\  z)  is  9  . 


The  angle  between  the  axes  (x,  y,  z)  and  the  fixed  axes 


/■ 

\ 


O 


th 


The  equations  obeyed  by  £  and  H  in  the  r  lamina  are 

V  X  E  “  -  jtuji  H 

—  —  o  — 

and  V  x  H  ■  jw  D 


r  ,  .  r 

°z  +  Jm, 


where 


i/  E 

jdi 


Now 


Define 


o- 

0- 


/  cos 

0 

sin 

0 

r 

r 

y-sin 

9r 

cos 

8r 

(  cos 

8 

sin 

e 

r 

r 

^-sin 

9r 

cos 

9r 
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It  can  be  verified  that 


ux  +  vy  -  u*x'  +  v’y  * 

In  the  lamina  we  assume  that  the  field  variation  is  of  the  form  e-^  (UX+Vy+WlZl  .  The  variation 
ux  +  vy  arises  because  of  the  boundary  condition  that  at  each  interface  between  laminae  the  tangential 
component  of  E  and  H  is  continuous.  The  boundary  condition  ensures  that  the  variation  in  the  plane  of 
the  lamina  is  the  same  as  the  incident  field. 


Let  8 


2  2  2 

u  +  v  +  w^  and  n^  -  u/B#  ny  -  v/B,  n__. 


Wj/B. 


Define  k2  -  -juiuo(a^  +  jue*) ,  k2  -  -jwuo  (c*  -t-  jwe*)  and  kz  -  -jtopQ  (a*  +  jwe*) - 

From  the  analysis  given  by  (Collin  I960  on  TEM  waves  in  anisotropic  dielectric  media,  p.  98 
equation  (106) ,  we  have 


Now  n 


,  2  2 
1  -  nx  -  ny 


2  2 
0  -k 


2  l2 

n  k 
x  x 

2  2 
0  -k 

x 

and  so 

2 

,  +  V_  .  _X. 


2  u2 
n  k 

y  y 


2.  2 
n  k 
z  z 

b2-*2 


B 


•X 


u  -  %  -  ■ 


2  2 
B  -kz 


-  O 


Thus 


u2  k2  (B2 
x 


k2)  (B2  -  k2)  +  v2  k2  (B2  -  k2)  (B2  -  k2) 
y  x  y  z  x 


(B2  -  u2  -  v2)  k2  (B2 


2  2  2 

v  (B  -  v  " 0 


The  constant  term  of  this  cubic  in  !T  is  zero,  and  so  B  has  two  possible  values  which  can  be  shown  to  be 
1  £  u2  <k2  -  k2)  -  v2 (k2  -  k2)  +  k*  (k‘  +  k*)  -  /q 3  ...  U) 


fi2  - 

*1  2 
A  2  k 

z 


*2>  -  -  *;> +  *x + 


where  Q  - 

Define 


32  -  ^  E  u2  <k2  -  k2)  -  V2(kj  -  k2)  +  k2  (k2  +  k2)  ♦  ^3 
(k2(k2-k^  -  u2  (k2-k2)  -  V2(kj-k2))2  +  4  k2v2(k2-k2)  (k2-k2). 


-  4 


2  -  u2  -  v2  and  w2  -  /B2 
th 


y  * 

R  2  2' 

✓B^  -  u  -  v 


Thus  4  waves  are  possible  in  the  r  lamina. 

Wave  1  has  field  variation  e“3  (ux+vy+Wj*)  f  Wave  2  has  field  variation  e  1  (ux+vy+w2z) 

Wave  3  has  field  variation  e-:)  (uX+VY“WlZ) ,  Wave  4  has  field  variation  e  j  tux+vy-v,2z) 

We  now  calculate  E  and  H  associated  with  the  four  waves . 

.  ,  „  „1  - j (ux+vy+w. z) 

Wave  1.  E  -  E  e  1  ,  E, 


1  -3  (ux+vy+w^)  H 

y  x 


H1  8-j(ux+vy+w1z)i  H 


jjl  -j  (ux+vy+w^,) 

y  8 


From  (Collin  ,1960) ,  p.99,  equation  (11),  we  have 

2 


D  :  D.. 


Thus  E  “  — 

X  v 


n  k 

X  X 
2  2 
B  'kx 


n  k2 

y  y 

B2-k2 

y 


Now  D  -  (o*  +  and 

X  JO)  X  xx 


y 

E1  -  a,  E1 

y  i  y 


D  -  —  (0r  +  j  L>£^)  E 

y  jw  y  y  y 


- jujyQH  -  -  jB.  x  E 


From  V.  x  E 

Thus  H1  -  n,  E1  whore  n, 
x  1  y  1 


E  whera  8  "  (u,v,w, )  we  deduce  u>u  H  -  vE 

2  2  1  o  X  z 

(k  -  k  )  . 

Z  y  1 

„2  _  ,2  •  Ml 


„1 

w,  E  . 

i  y 


Similarly  H1  -  Yx  Ey 


where 


<»i  -  $  ^  # 

K  - 


V 


Wave  3. 


We  replace  by  -w  . 

Ex  "  Ex  «"3(UX+Vy'WlZ)atc. 


Wq  can  deduce 
3 


£ 


“  E3 

i  y 


^1  E3  and  H3 


-  Y,  E 
'1  y 


The  reason  for  expressing  waves  1  and  3  in  terms  of  Ey  is  that  this  field  component  is  always  non-zero 
if  °x  *  °y-  If  °x  “  °y  then  a  rotation  of  the  (x,y)  axes  is  carried  out  which  guarantees  E  4  o 

-  ■  ■  -  2  y 


The  analysis  for  waves  2  and  4  is  obtained  by  replacing  B2  by  f  All  field  quantities  are^xpressed 
in  terms  of  k  rnuu  _  _  i _  ,  _ 


in  terms  of  Ex.  This  quantity  can  always  be  arranged  to*be  non-zero 

„2  .  2 


E 


a,  E2 

2  x 


3  ;-v 
2  x 


n,  e2 

2  x 


e2.-k2 

2  y 


V2  Ex 


2"ky  w_  <k2  -  k2> 

2  x  z 


_1 

up 


B?  -  k2 

2  z 


and 


a„  E4 
2  x 


y 

4 


x 

_4 


1 

tap 


v  w2  (g2  .  k2>  (k2 


"Y2  Ex- 


<»2  '  <*2 


ky) 


The  total  field,  E  b  (E  ,  S  »  E  )  and  H  *  /h  h  h  \  j  —  th  1  .  . 

—  x'  y'  z'  “  1 X*  Hy'  uz>  in  r  lamina  is  the  sum  of  the  four 


—  x  y  2  —  x*  y'  2  tno  r  lamina  is  the  sum  of  the  four 
waves  above.  We  need  only  consider  x1  -  y'  -  o  since  the  variation  e'j(u'  x’  +  vV)  is  common  to 
all  laminae. 


Let  D  be  the  matrix 
D  = 


Then 


Y. 


“2 

-y2 


-Y, 


-n- 


ejV 


0 

0 


o 

-jw„z 


o  \ 

Q 
O 


ejw2Z 


/  EX\ 

y 

,3 

V 
,2 
x 
4 

x/ 


V: 


Thus  the  field  components  at  (0,  0,  zr)  are  related  to  those  at  (o,  O,  Zj.  } )  by 


'Ex(0,0,zr) 


/e-jwldr 


E  (0,0,  z  ) 

y  r 


r 

0 

Jw.d 


Hx(0,O,zr) 


Hy(0,O,zr) 


1  r 
0 
0 


V  /  Ex(Vl>  \ 


E  (z  ,) 
y  r-1 


H  (z  ,  ) 
x  r-1 


<Wl>  / 


Define 


cosOr 

siner 

0 

0 

sin9r 

COS0r 

0 

0 

0 

0 

cosB 

r 

sinO 

r 

0 

0 

-sin 

r 

cos 

r 

m  from 

the  co-ords 

(x,y)  to  the 

fixed 

.  / 


Using  the  fact 


fcy 


E  ,  <0,0,  z  ) 
*  n 


Ey,  <0,0,2n) 


H  , <0,0,2  ) 

*  n 


Hy. (0,0, 2n) 


Ex,<0,0,2o)  \ 


^11T  n-r+1 '  Un-r+r ’Tn-r+l' 


Ey.  <0,0, Zo) 


Hx,  (0,0, Zq) 


Inverting  this  we  derive 


H  , (0,0, zq) 


Ex<(xi'y,'V 


Ey,(x-,y,zo) 


Hx.  (x',y,zo) 


Hy, <x',y1,zo) 


E  ,  (x',y',z  ) 

*  n 


Ey,(x‘,y',zn) 


«  ,  (x'.y  ,z  ) 

x  n 


Hy  (x'.y',2n) 


shL^efsides8  “VutinaedAbyrCnPU^  “2  “  Connect*  the  fiold  components  from  the  illuminated  and 
is  known.  '  retl80tad  and  transmitted  fields  can  be  calculated  when  the  incident  field 
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obtained  b^re^ac^ng8^^8^8!^1^^.  ^  a  uTT'l  ^  ^  daahed  ™e  are 

ductivities  of  the  layer  are  obtained  by^veragLg  STT Sffi  ^  JeUy-^ps . 


Table  1.  Plane  Wave  Shielding  <dba) ,  EJ 


Sample 

Thickness 

Frequency 

(mm) 

D.C. 

3MHa 

10MHz 

30UHz 

TU1N1 

.5 

67.0 

87.0 

67.0 

67.1 

TUIN2 

.5 

70.5 

70.5 

70.5 

70.6 

KAK 

1.75 

77.9 

78.1 

70.3 

B5.1 

BAE1 

1.85 

78.4 

78.6 

80.1 

86.7 

BAE2 

1.98 

82.5 

83.0 

86.1 

93.3 

BAE2A 

1.98 

82.5 

82.8 

85.4 

04.1 

BAK4 

1.19 

74.6 

74.0 

74.9 

77.1 

BAE6 

2.11 

85.5 

86.6 

92.4 

100.0 

BA1CP5 

5.26 

87.5 

93.9 

109.0 

136.7 

8MM 

7.92 

85.0 

92.5 

108.8 

139.5 

8MMA 

27.92 

86.0 

108.9 

129.2 

164.4 

8MMB 

207.92 

85.0 

128.0 

1.48.6 

184.0 

TEST 

3.00 

81.1 

81.7 

84.4 

90.3 

BAS2AL 

1.985 

89.8 

92.4 

LOO. 7 

113.9 

100MHz  300MUx 


68. 1 

71.2 

101.3 

104.2 
104.0 
106.0 

86.3 

136.8 
189.  S 
20S.fi 

235.1 

254.6 

104.4 

132.7 


72.5 

73.0 

131.5 

134.6 
127.0 

110.7 

104.7 

190.2 

253.2 

316.9 

350.3 

367.7 

130.4 

160.1 


Table  2.  Plane  Wave  Shielding 


(dbs)  ,  Einc  x- 


Sample 

Thickness 

Out) 

D.C. 

3HUz 

lOHHs 

30HHz 

THIN1 

.5 

67.0 

67.0 

67.0 

67.1 

THIN2 

.5 

61.1 

61.1 

61.1 

61.0 

PjUS 

1.75 

77.9 

78.1 

79.3 

85.1 

BAE1 

1.85 

78.4 

78.6 

80.1 

86.7 

BAS  2 

1.98 

73.0 

73.0 

73.7 

77.2 

BAE2A 

1.98 

73.0 

73.2 

74.5 

70.8 

BAE4 

1.10 

74.6 

74.6 

74.9 

77.1 

BAE6 

2.11 

32.6 

32.6 

32,6 

32.6 

BALI'S 

5.26 

87.5 

93.9 

109.2 

138.4 

8  HU 

7.92 

94.5 

114.7 

132,7 

159.5 

8MHA 

27.92 

94.5 

133.7 

L53.1 

184.2 

8I£¥B 

20.92 

94.5 

153.0 

172.5 

233.8 

TEST 

3.0 

81.1 

80.5 

74.9 

68.4 

BAE2AL 

1.985 

86.8 

87.4 

90. P 

99.4 

30UHz  100 MHz  300MHz 


68.1 

61.8 

101.3 

104.2 

89.2 
00.7 

86.3 

32.6 

198.7 

221,9 

251.6 

271.1 

66.4 

116.4 


72.5 

61.3 

131.5 

134.6 

111.9 
108.1 

104.7 

33.7 

269.4 

332.7 
366.0 

383.4 

65.4 

144.4 


i  neiwin  -i<inn  ’  -  ¥iiit«iiiit»in  iiinmii ii  i n 
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5.1.  Samples  with  Isotropic  Averaged  Conductivity. 

For  certain  lay-ups  the  averaged  conductivity  tensor  has  equal  conductivity  in  all  directions  parallel 
to  the  plane  of  the  sheet.  It  was  found  that  the  agreement  between  the  averaged  theory  and  the  more 
exact  lamina  analysis  is  quite  good.  The  shielding  at  d.c.  varied  from  67.04dbB  for  THIN1  to  87.49  dts 
for  BA£P5.  As  the  frequency  increased  the  shielding  initially  remained  constant  until  about  loMHz  for 
the  RAE  sample,  and  until  about  3MHz  for  BAEPS.  For  higher  frequencies  the  shielding  improved. 

5.2.  Samples  with  Anisotropic  Averaged  Conductivity. 

The  agreement  between  the  averaged . theory  and  the  lamina  analysis  holds  only  for  a  certain  frequency 
range  e.g.  0-20  MHz  for  BAE2,  0-10  MHz  for  BAE2A,  0-3  MHz  for  8MM.  If  we  consider  the  case  of  the 
incident  field  parallel  to  the  direction  of  the  smallest  component  of  the  averaged  conductivity  tensor 
the  averaged  theory  and  lamina  analysis  are  in  rough  agreement  however  up  to  about  300  MHz.  For  the 
incident  E  field  parallel  to  the  higher  component  of  the  averaged  conductivity  we  see  that  tho  shielding 
does  not  increase  with  frequency  as  rapidly  as  is  indicated  by  the  averaged  theory. 

inc 

Above  300  MHz  the  shielding  behaviour  of  THIN2,  for  E^  X  x',  remained  at  roughly  61  dbs  (to  withir. 

+  2  dbs)  up  to  at  least  10  GHz.  This  is  in  contradiction  to  the  average  theory  . 

5.3.  Samples  with  Air  Gaps. 

The  effect  of  introducing  air  gaps  in  samples  is  to  increase  the  shielding  when  the  frequency  is 

sufficiently  high.  There  is  no  such  effect  at  d.c.  (The  sample  8MMA  i3  the  same  at  8MM  except  that 

a  2  cm  air  gap  is  introduced  in  the  centre  of  the  sheet.  8MMB  is  similar  except  that  the  gap  is  20  cm) . 

This  phenomena  is  a  well-known  property  of  double  shields,  (Rizk  F.A.M.,  1977). 

6.0  APPARENT  RESISTIVITY 

In  figure  7  we  show  the  apparent  resistivity,  px'  and  py',  calculated  from  the  A  matrix.  Also  shown  are 
some  measured  results  based  on  samples  5  mm  wide.  T'he  two  sets  of  results  generally  agree  to  within  a 
factor  of  2. 


Table  3 .  Avaraged  Resistivities  Px‘,  and  ^y1,  at  DC. 


Sample 

P*< 

-4 

10  ftm 

V 

10~4nm 

Px,(ERA> 

10"4(fl0 

Py,(ERA) 

l-"4nm 

THIN1 

.419 

.419 

THIN2 

.280 

.834 

IlAE 

,419 

.410 

.56 

.59 

HAE1 

.419 

.419 

.50 

.61 

DAE  2 

.280 

.834 

.31 

.52 

BAE2A 

.280 

.834 

.31 

.52 

BAE4 

♦  4J.fi 

.  419 

.52 

.55 

BAE6 

.210 

95.0 

.210 

95.0 

HASPS 

.419 

.419 

.45 

1.0 

8101 

.280 

.834 

BAE2AL 

.121 

.170 

7  .0  TRANSVERSE  CONDUCTIVITY 

The  value  of  transverse  conductivity  (i.e.  o  )  used  in  the  calculations  reported  so  far  has  been  of  no 

z 

significance  because  for  normal  incidence  the  induced  currents  flow  entirely  in  the  plane  of  the  she  it. 

It  may  be  asked  however  whether  o,  plays  a  role  in  shielding  for  other  than  plane  waves  normally-incident. 
Three  different  values  of  o  were  used,  viz  1.0,  40.0,  105.3  mho/m.  It  was  found  that  for  plane  wave 
shielding  the  precise  value  of  o is  not  important. 

The  lamina  analysis  assumes  that  the  laminae  touch  along  their  surfaces.  This  amounts  to  assuming 
perfect  electric  contact.  In  practice  there  may  be  contact  resistance  between  the  laminae.  In  fact 
from  some  of  the  photographs,  diagram  1,  there  may  be  regions  at  the  interface  where  fibres  are  absent 
and  the  net  result  may  be  some  form  of  contact  resistance.  To  investigate  whether  these  effects  could 
affect  the  shielding  characteristics  of  CFRP  we  considered  the  BAE2  lay-up  but  interposed  at  each 
interface  between  laminae  a  thin  layar  (.006  bib  thick)  of  dielectric  (e  «•  3.5e  )  was  located.  This 
has  the  effect  of  insulating  the  laminae  from  each  other.  However  the  alteration  in  shielding  was 
generally  small. 

8.  TRANSFER  AND  SURFACE  IMPEDANCE 

For  sampler  without  air  gaps  it  was  found  possible  to  calculate  the  reflected  and  trancBiitteJ  fields 
that  arise  for  incident  plane  waves  arriving  at  an  arbitrary  ancle  of  incidence,  by  means  of  surface 

(Z  )  and  transfer  (Z  )  impedance  tensors  (i.e.  2x2  matrices).  See  figures  8,  9.  The  off-dingonal 
S  1 
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elements  of  the  transfer  Impedance  are  responsible  for  the  difffererce  between  the  averaged  theory  and 
lamina  analysis  seen  In  figure  6. 

9.0  CFC  GROUND  PLANE 

We  consider  an  elementary  electric  dipole  on  a  CFC  ground  plane.  Even  for  an  extreme  example,  viz. 

THIN 2  (thickness  .5  mm)  at  1  GHz  (maximum  component  of  surface  impedance  tensor  1.6  ohms)  and  polar 
angle  09  ,  the  far  field  reduction  compared  to  a  perfect  ground  plane  was  only  1.3  dba.  We  conclude 
tnat  as  regards  far  fields  for  most  applications  the  CFC  can  be  assumed  perfectly  conducting. 

10.0  PLANE  SCP-EEN  EMP  SHIELDING 

6  7 

The  peak  value  (1.0  v/o)  of  the  chosen  normally  incident  EMP  (a  »  6  x  10 ",  6  «  8  x  10  )  occurs  at  35  ns. 
It  '.as  found  that  the  transmitted  field  had  approximately  the  same  polarization  as  the  incident  field. 

Table  4 .  Peak  Values  of  the  Transmitted  Electric  Field. 


inc  ,  ,  . 

E  //x' 

EinC//x' 

_inc  . ,  , 

E  //y' 

„inc  . ,  , 

E  //y' 

Sample 

Peak  Value 

V/m 

Time  of  peak 
(nanoseconds) 

Peak  Value 
(V/m) 

Time  of  Peak 
(nanoseconds) 

THIN  2 

2.97xlo“^ 

37 

B.86xlo“^ 

36 

BAEl 

l.ISxIO-; 

58 

1.15x10": 

58 

BAE2 

6.79x10”;? 

75 

2.21xlo“* 

47 

HAE2AL 

2.37x10“;! 

i20 

4.08xl0-b 

70 

8MM 

5.85xlO-6 

436 

3.16xlo“5 

207 

11.0  CONCLUSIONS 

The  mathemauical  theory  presented  above  can  be  used  to  calculate  the  plane  wave  screening  and  surface 
and  transfer  impedances  of  CFC.  Comparison  has  been  made  with  a  simpler  theory  whereby  the  entire 
CFC  sheet  is  replaced  by  a  homogeneous  tut  anisotropic  material.  The  simpler  theory  is  valid  below 
a  certain  frequency  (approx.  30  MHz  for  2  mm  thick  sample)  but  at  higher  frequencies  does  not  always 
provide  the  correct  polarization  or  magnitude. 
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Fig.2  Simplified  model  of  fibres  in  a  lamina 


Fig.3  Single  row  of  fibres  in  epoxy  resin 


Fig  4  Model  for  trarisver  a  conductivity 


RF  RESISTIVITY  AND  SCREENING  CHARACTERISTICS 


OF  CFO  MATERIALS 
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SUMMARY 


A  series  of  investigations  have  been  made  to  determine  both  the  electrical  resistance 
characteristics  of  carbon  fibre  composite  (CFC)  samples  and  their  screening  properties. 

Resistivity  was  examined  from  d.c.  to  300  MHz  and  certain  effects  of  environment  were 
noted  under  d.c.  test  conditions. 

The  measurement  of  screening  properties  required  much  larger  samples  and  test  frequencies 
ranged  from  150  kHz  to  30  MHz  for  the  magnetic  mode  and  from  50  MHz  to  L000  MHz  for  the 
electric  mode. 

This  paper  describes  the  methods  and  techniques  employed  with  brief  continents  on  some  of 
the  theoretical  aspects  of  conduction  and  screening. 

1 .  INTRODUCTION 

Carbon  fibre  composite  materials  have  been  subjected  to  intensive  examinations  concerning 
their  mechanical  properties  but  their  electrical  properties,  particularly  at  high 
frequencies,  are  much  less  well-known.  The  performance  of  CFC  will  be  inferior  to  that 
of  metal  in  respect  of  conductivity  and  screening  and  it  is  difficult  to  predict  the 
performance  of  an  aircraft  containing  substantial  proportions  of  CFC  material  without  a 
reasonable  body  of  fundamental  data. 

ERA  Technology  was  asked  to  examine  a  number  of  the  basic  properties  of  CFC  materials 
including  the  present  measurements  of  electrical  resistance  and  screening.  An  interesting 
feature  of  the  latter  is  the  relationship  between  the  results  of  attenuation  assessment 
under  both  near  and  far  field  conditions. 

2.  CARBON  FIBRE  COMPOSITE  MATERIALS 

Although  carbon  fibres  were  produced  commercially  a  century  ago,  the  use  of  long  fibres  of 
controlled  diameter  embedded  in  a  matrix  to  form  a  constructional  material  of  great 
strength  and  lightness  is  a  comparatively  recent  development.  Progress  has  been  such  that 
these  materials  are  now  to  be  found  in  equipment  for  the  leisure  market,  boat-building, 
automotive  engineering  as  well  as  for  our  present  concern,  the  aerospace  industry. 

Carbon  fibre  composites  have  used,  for  example,  in  the  AV8B  wing,  the  HIMAT  experimental 
model  and  in  civil  and  military  aeroplanes  in  the  U.K. 

Individual  carbon  fibres  have  a  diameter  of  7  -  8  10  and  are  grouped  together  In 
bund) es  of  many  thousands  (often  10,000)  to  form  a  tow.  Such  tows  are  coated  with  resin 
and  laid  parallel  and  suitably  spaced  on  a  non-stick  surface.  A  second  sheet  of  non¬ 
stick  paper  or  plastic  film  is  placed  on  uop  of  the  tows,  the  latter  having  a  circular 
cross-section  at  this  stage.  The  tows  are  then  rolled  between  the  two  sheets  to  flatten 
them  so  that  filaments  in  adjacent  tows  meet,  filling  the  gaps  between  them.  A  tow  of 
circular  cross-section  may  have  a  diameter  of  2mm  but  after  rolling,  a  spread  up  to  6mm 
or  12mm  may  occur  (GILL,  R.M. .,  1972).  The  accepted  term  for  the  composite  at  this  stage 
is  'pre-preg'  and  can  be  stored  in  drums  which  if  maintained  at  a  suitably  low 
temperature  can  have  a  satisfactory  ’shelf-life'.  The  orientation  of  the  tow  is  normally 
unidirectional  and  successive  plies  are  laid  as  required  to  obtain  the  mechanical 
performance  for  particular  applications. 

A  curing  cycle  at  the  necessary  temperatures  and  applied  pressure  completes  the 
production  of  a  sheet  or  more  complex  shape  as  desired. 

3.  PREVIOUS  WORK  <JN  RESISTIVITY 

Measurements  of  low-frequency  conductivity  (d.c.  to  1  MIIz)  have  been  reported, 
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(SCRUGGS,  L.A.>  GAJDA,  W.R. 1977).  These  measurements  were  made  both  for  current  flow 
parallel  to  and  across  the  fibre  direction  in  a  unidirectional  material.  At  the  higher 
frequencies  of  this  range,  sample  voltage  was  measured  with  an  oscilloscope  and  current 
was  derived  from  the  voltage  drop  across  a  known  resistor  connected  in  series  with  the 
sample.  Results  gavea resistivity  of  the  order  5  x  10-4  fimwhich  was  constant  from  d.c.to 
1  MHz  when  current  flow  was  parallel  to  fibre  direction.  The  method  is  not  suitable  for 
use  at  frequencies  very  much  higher  than  1  MHz  as  the  reactance  of  the  sample  soon 
becomes  comparable  with  resistance. 

Some  more  recent  results  (GAJDA,  W.R..,  1979)  suggest  d.c.  resistivity  (unidirectional 
CPC  with  current  flow  parallel  to  fibres)  of  1.0  x  10“^  nm.  This  value  agrees  more 
closely  with  those  obtained  at  ERA  than  the  earlier  results  of  SCRUGGS  and  GAJDA. 

Values  of  resistivity  at  2  GHz  similar  to  those  at  1  MHz  were  found,  (WALKER,  W.F.  and 
HEINTZ,  R.E..,  1977),  when  using  a  CFC  sample  as  a  partition  across  a  50  ohm  line.  Using 
another  method  (strip  line) ,  however,  these  authors  expressed  doubts  about  the  accuracy 
of  results  above  .1  GHz.  In  the  latter  case  the  test- sample  was  connected  as  a  shunt 
path  and  treated  as  a  lumped  impedance.  By  introducing  composite  material  (unidirectional) 
as  part  of  the  strip  line  WALKER  and  HEINTZ  calculated  resistivities  of  1.2  x  10“5  nm  rt 
1.  GHz  and  4.5  x  10~S  Rm  at  2  GHz. 

Some  more  recent  work  (WALKER,  W.F.}  HEINTZ,  R.E..,  1979)  extends  these  measurements 
down  to  75  MHz  by  using  long  samples  (6  feet).  The  authors  suggest  refinements  for  this 
technique  but  currently  have  no  explanation  for  the  manner  in  which  conductivity 
decreases  with  frequency. 

4.  TEST  METHODS  FOR  RESISTIVITY 

The  measurements  of  resistivity  made  at  ERA  and  described  below  generally  made  use  of  a 
Q-meter  (Marconi  TF1245A) .  Small  samples  (25mm  x  10mm  and  25mm  x  5mm)  were  used  in  the 
frequency  range  1  MHz  to  300  MHz.  The  Hewlett-Packard  Vector  Impedance  Meter,  Model 
48J.5A,  can  measure  complex  impedance  over  the  range  0.5  MHz  to  108  MHz  in  a  very 
convenient  fashion,  but  is,  unfortunately,  limited  in  performance  with  small  low 
resistance  samples. 

Where  longer  samples  are  available  having  a  higher  resistance  the  performance  of  the 
Vector  Impedance  Meter  is  somewhat  improved,  but  the  complexities,  of  mounting  each 
sample  in  a  transmission  line  render  the  method  less  attractive  (and  less  accurate)  than 
the  use  of  the  Q-meter  with  small  samples.  Comparison  measurements  between  Q-meter  and 
Vector  Impedance  Meter  methods  are  described  below. 

In  the  Q-meter  method  the  measurement  of  R.F.  resistance  of  samples  is  accomplished 
by  including  them  in  series  connection  in  a  resonant  circuit  as  indicated  in  Figure  1. 
Figure  2(a)  shows  the  test  jig  used  at  frequencies  of  50  MHz  and  below.  At  frequencies 
above  50  MHz  and  up  to  300  MHz  shorter  connections  are  required  and  Figure  2  (b)  shows 
a  'standard'  inductor,  and  inductor  with  test  sample  included.  Figure  3  shows  where 
electroless  copper  plating  is  used  to  enable  soldered  connections  to  be  made  to  the 
samples . 

In  the  jig  of  2  (a)  ,  if  : 

=  Q  value  obtained  with  the  test  sample  shorted 

Q2  =  Q  value  obtained  with  the  test  sample  in  circuit  and  C-^  and  C?  are  the 
corresponding  indicated  values  of  tuning  capacitance  for  resonance  then  : 


where  Rx  is  the  required  value  of  the  resistance  of  the  sample. 

All  tests  were  conducted  at  room  temperature  and  prevailing  humidity  conditions. 

Additionally,  resistance  under  direct  current  conditions  was  obtained  by  measuring  the 
test  sample  voltage  drop  using  a  digital  voltmeter,  and  comparing  this  with  the  voltage 
drop  across  a  standard  resistance  connected  in  series  with  the  sample. 

A  larger  sample  forming  the  inner  conductor  of  a  parallel-plate  line,  figure  4,  was 
short-circuited  at  one  end  and  the  impedance  at  the  open  end  was  measured  using  a 
Hewlett-Packard  4815A  Vector  Impedance  Meter  at  frequencies  up  to  100  MHz.  When  using 
the  Impedance  Meter  with  this  sample  (d.c.  resistance  0.18  ohms)  errors  were  minimised 
by  obtaining  probe  readings  at  the  'lOOft  check'  socket  on  the  instrument,  and  with  the 
probe  tip  shorted  as  well  as  with  the  sample  connected. 

5.  ORIGIN  AND  STRUCTURE  OF  TEST  SAMPLE  MATERIALS 

Ten  types  of  material  were  available,  all  from  U.K.  sources.  Details  of  structure  and 
fibre  and  resin  types  are  jiven  in  Table  1. 


6-3 


6.  PREPARATION  OF  SAMPLES 

Sheets  of  CFC  material  as  supplied,  were  generally  in  rectangular  form.  Arbitrary 
orthogonal  directions  x  and  y  were  noted  parallel  to  the  sheet  edges  and  samples  were 
cut  using  a  hacksaw  and  marked  'x'  and  'y'.  Additionally,  samples  were  obtained  by 
cutting  at  an  angle  of  45°  to  'x'  and  ' y * .  All  edges  were  smoothed  using  a  medium-fine 
grade  of  glass-paper  and  finished  with  fine  grade  carborundum  paper.  The  25mm  x  10mm  or 
25mm  x  5mm  faces  were  not  abraded  as  good  adhesion  and  electrical  contact  were  not 
required  on  these  surfaces. 

Samples  were  then  wrapped  in  two  layers  of  PVC  adhesive  tape  of  width  20mm  so  that  a 
2.5mm  length  at  each  end  of  the  samples  was  exposed.  The  samples  were  then  immersed  in 
a  sensitiser  solution  for  10  to  15  minutes,  washed  thoroughly  and  immersed  in  an 
electroless  plating  solution  until  an  adequate  deposit  of  copper  was  obtained.  Details 
of  this  process  were  supplied  by  Plessey  Research  (Caswell)  Limited  and  are  to  be  found 
in  the  Appendix  to  this  paper.  The  samples,  Figure  3,  were  washed,  dried  and  soft 
soldered  into  the  jig  of  Figure  2(a),  or  the  inductor  end-pieces  were  soldered  as 
required  for  tests  at  higher  frequencies.  Entry  of  current  into  the  sample  was  largely 
at  the  10mm  x  thickness  or  5mm  x  thickness  plated  areas  at  the  sample  ends. 

Direct  electroplating  using  acidified  copper  sulphate  solution  and  a  suitable  plating 
current  resulted  in  a  satisfactory  mechanical  bond,  but  d.c.  tests  revealed  that  the 
electrical  bond  was  significantly  inferior. 

In  connection  with  the  short  transmission  line  tests  referred  to  in  Section  4,  a  sample 
of  unidirectional  CFC  material,  H,  200mm  x  12mm  x  2.11mm  was  connected  as  shown  in 
Figure  4.  The  sample  was  cut  with  fibres  parallel  to  main  current  flow  and  electroless 
copper  prated  at  each  end,  thus  allowing  it  to  be  soft-soldered  into  the  line. 

7 .  RESULTS 

7.1  Measurements  On  Small  Samples  Using  Q-meter 

Some  examples  of  the  results  obtained  are  shown  in  Figures  5-6  and  5(a)  -  6(a) . 
Resistivities  are  generally  lower  for  the  narrower,  25mm  x  5mm  samples.  This  is 
consistent  with  the  existence  of  a  skin  effect  for  current  flow,  since  in  the  narrower 
sample  the  loss  in  effective  cross-sectional  area  will  be  proportionately  less  than  in 
wider  samples  as  current  retreats  to  surfaces  and  edges  with  rise  in  frequency. 

This  change  in  distribution  of  current  over  the  cross-section,  (skin  effect) ,  occurs 
because  those  parts  of  the  cross-section  which  are  circled  by  the  largest  number  of 
magnetic  flux  lines  have  a  greater  inductance  than  other  parts  and  hence  a  greater 
reactance.  Those  parts  having  the  greatest  reactance  will  carry  the  least  current. 

With  a  flat  strip,  as  used  here,  the  current  density  is  greatest  at  the  edges,  reduced 
at  the  f lac  surfaces  and  least  in  the  centre.  Hence,  skin  depth  of  current  flow  controls 
the  resistance  for  alternating  currents.  From  Maxwellian  theory  it  can  be  shown  (HUND^, 
A..,  1936)  (WHINNERY,  J.R..,  1942)  that  current  penetration  depth  is  proportional  to  f 
and  high  frequency  resistance  is  proportional  to  f^  in  a  conductor  of  circular  cross- 
section.  Figures  5(a)  -6(a),  where  resistivity  is  plotted  against  f %  show  substantially 
linear  relationships. 

In  the  case  of  the  unidirectional  sample  H(y),  Figure  6,  where  the  fibres  are  parallel 
to  the  direction  of  current  flow,  the  d.c.  resistivity  is  shown  as  2.1  to  2.4  x  10-5  nm. 
These  samples  contain  Super  A  fibres  of  d.c.  resistivity  about  1.3  x  10_:5  fim.  On  this 
basis  the  fibre  volume  fraction  is  between  0.54  and  0.62.  It  has  been  indicated 
elsewhere  (WHITNEY,  J.M..,  1978)  that  volume  fractions  vary  from  about  0.60  to  0.65. 
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TABLE  1 


Test  Material  Data 


Sample 

Fibre 

1 

Resin 

Number  of  plies  and  lay  angles.  (Detailed  lay-up  where 

known) 

B 

| 

i 

Phenolic 

16  plies,  0°,  90° 

C 

SUPER  A  :  Code  69 

10  layers  of  cloth)  0°,  90° 

D 

SUPER  A  .  BSL  914C 

16  plies;  0°,  ±  45° 

E 

i 

SUPER  A  |  BSL  914C 

-1  . 

16  plies;  0°,  ±  45° 

F 

SUPER  A  |  BSL  914C 

8  plies;  ±  45° 

G 

SUPER  A 

BSL  914C 

16  plies;  0°,  ±45° 

H 

SUPER  A 

BSL  914C 

Unidirectional;  0°,  16  plies 

I 

SUPER  A 

BSL  914C 

40  plies;  0°,  90°,  ±45° 

0,0,  +  45, -45,0,0,90,0,0, +45, -45, 0,0, 0,0,0, +45-45,  Centre 

0.0*0 .O.etc 

L 

j SUPER  A 

BSL  914C 

16  plies;  0^,  ±45° 

P5 

IIM  (High 
Modulus) 

1  i  _ 

Code  69 

Quasi-Isotropic 

90°,  +45°,  0°,  -45°,  -45°,  0°,  45°,  90° 

8  layers  repeated  5  tin.es 

Table  2  shows  the  range  of  resistivities  obtained  at  a  number  of  frequencies,  and  which 
are  characteristic  of  samples  or  panels  where  good  contact  is  maintained  by  copper 
plating  at  the  current  entry  and  exit  surfaces.  It  may  be  expected  that  these  resistivity 
results  will  be  applicable  to  large  panels  with  the  same  aspect  ratios  as  the  samples, 
e.g.  l.um  x  2.5m  panel  analogous  to  lOitun  x  25mm  samples  and  0.5m  x  2.5m  panel  to  5mm  x 
25mm  samples. 


TABLE  2 


Ranges  of  Resistivities  for  CFC  Materials 


Frequency 

MHz 

Ranges  of  resistivity-all  samples 
except  unidirectional  ^q-5  fJm 

Resistivity  of  unidirectional  j 
sample'-.  10-5  | 

Parallel 

1  o  lay 

Perpendicular 
to  lay 

1 

3  to  15 

2 

1100 

10 

5  to  15 

6 

1100 

50 

12  to  35 

12 

1300 

100 

17  to  60 

16 

★ 

300 

32  to  150 

30 

* 

*  Measurement  not  possible. 


i.  MWHKiM Ai- 
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The  measurement  technique  was  verified  by  measuring  the  resistance  of  a  22mm  length  of 
Eureka  resistance  wire  of  0.13mm  diameter  from  d.c.  to  250  MHz  and  comparing  these 
results  with  calculated  values.  Differences  were  negligible  up  to  50  MHz,  but  the 
measured  value  was  20%  higher  than  calculated  at  250  MHz,  There  is,  however,  a  large 
transition  in  conductor  dimensions  where  the  thin  wire  joins  the  inductor  strip  used  at 
250  MHz  and  proximity  effects  may  be  significant  at  the  higher  frequencies.  Q-meter 
accuracy  is  claimed  as  +5%  up  to  10  MHz,  rising  to  ±12%  at  250  MHz  and  ±20%  at  300  MHz. 

An  assessment  of  overall  accuracy  in  the  determination  of  the  resistivity  of  the  CFC 
samples  is  difficult,  but  limits  of  ±10%  up  to  10  MHZ,  ±20%  from  10  MHz  to  50  MHz  and 
±30%  from  50  MHz  to  300  MHz  are  probably  realistic.  Repeatability  of  measurements  has 
proved  to  be  of  a  higher  order,  i.e.  about  ±5%. 

7.2  Measurements  using  Unidirectional  Samples  H(y)  in  a  Transmission  Line 

As  noted  in  Section  4  and  shown  in  Figure  4  a  sample  of  unidirectional  CFC  material  H(y) , 
was  connected  as  part  of  a  short-circuited  transmission  line.  This  sample  was  tested 
using  the  Hewlett-Packard  Vector  Impedance  Meter  Type  4815A,  adopting  the  precautions 
noted  in  Section  4  above. 

Figure  7  shows  the  results  obtained  and  the  resistance  of  the  sample  was  found  to 
increase  markedly  with  frequency.  The  sample  was  then  examined  using  the  Q-meter  and 
these  results  are  also  shown  in  Figure  7,  A  sample  of  this  size  is  not  well  suited 
to  the  Q-meter  technique,  but  the  results  obtained  are  comparable  with  those  found 
using  the  Vector  Impedance  Meter.  The  resistivity  values  obtained  by  Q-meter  at 
frequencies  above  30  MHz  are  probably  less  accurate,  as  the  jig  method ,  Figure  2  (a),  is 
inappropriate  and  an  initial  Q  value,  Q. .  must  be  obtained  by  using  a  'dummy'  shorted 
transmission  line  in  which  a  brass  strip  replaces  the  CFC  sample. 

Figure  8  shows  the  Vector  Impedance  Meter  results  again,  but  now  these  are  compared  with 
those  found  using  the  25mm  x  5mm  sample  of  H(y)  material,  as  previously  shown  in 
Figure  6.  The  length  to  width  ratio  for  the  transmission  line  sample  is  16.7  compared 
with  5  for  this  Q-meter  sample.  Results  differ  by  &  maximum  of  15%  at  frequencies  up 
to  50  MHz.  For  such  low  resistance  samples,  (the  200mm  strip  has  a  d.c.  resistance  of 
0.18  ohms),  the  accuracy  of  the  Vector  Impedance  Meter  is  much  reduced  above  about 
50  MHz,  and  the  use  of  the  Q-meter  (with  smaller  samples)  is  preferred. 

In  Figure  9  the  resistivity  of  the  transmission  line  sample  as  measured  by  the  Vector 
Impedance  Meter  is  plotted  against  a  scale  proportional  to  f^.  It  will  be  seen  that  a 
linear  relationship  occurs  suggesting  the  existence  of  a  normal  skin  effect  for 
current  flow. 

The  measurements  show  that  results  obtained  using  a  Q-meter  are  in  good  agreement  with 
those  made  using  the  Vector  Impedance  Meter  and  both  methods  demonstrate  the  presence 
of  skin  effect. 

8.  THE  CALCULATION  OF  R.F.  RESISTANCE  OF  CFC  SAMPLES 

A  method  for  the  calculation  of  the  resistance  of  samples  over  a  range  of  frequencies 
would  be  of  considerable  value  and  the  measurements  made  on  the  ten  types  of  material 
listed  in  Table  1  could  provide  ample  validation  for  such  procedures. 

Belevitch  (BELEV1TCH,  V..,  1971)  has  considered  lateral  skin  effect  in  a  flat  conductor 
of  thickness  t  and  width  or  lateral  dimension  w.  His  analytical  treatment  for 
conductors  of  elliptical  cross-section  is  complete,  but  only  partial  solutions  were 
obtainable,  using  numerical  treatments,  for  conductors  with  sharp  edges  (e.g.  rectangular 
cross-section) . 

In  view  of  these  limitations  in  the  theoretical  description  of  the  high  frequency 
behaviour  of  simple  materials  it  appears  that  no  rigorous  treatment  can  be  envisaged  for 
the  more  complex  case  of  CFC  at  the  present  time. 

A  simpler  approach  to  this  problem  has  been  tried  at  ERA  and  the  obvious  sample  for  an 
initial  consideration  is  H  (y) ,  the  unidirectional  material,  with  main  current  flow 
in  the  0°  direction  (i.e.  in  the  direction  of  fibre-lay). 

Haefner  (HAEFNER,  S.J..,  1937)  described  a  method  based  on  experimental  evidence,  for 
calculating  the  alternating  current  resistance  of  conductors  of  rectangular  cross-section 
-  see  also,  Terman  (TERMAN,  F.E..,  1943).  Haefner's  corroborative  measurements  were  made 
at  frequencies  up  to  8  kHz,  but  his  examination  of  data  from  other  sources  suggested 
that  good  agreement  between  theory  and  measurement  would  be  maintained  at  much  higher 
frequencies.  Figure  10  shows  how  the  ratio  is  related  to  a  parameter  p  for 

various  ratios  of  width  to  thickness  of  the  cros£i=section  of  the  sample. 

Haefner's  treatment  has  been  applied  to  sample  H(y),  the  unidirectional  material,  using 
the  direct  current  resistivity  as  a  basis  for  calculating  resisitivity  at  high  frequencies. 
Measured  and  calculated  values  are  shown  in  Figure  C  and  the  calculated  values  are  seen 
to  be  about  20%  lower  than  those  measured  at  100  MHz. 
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Considerable  fibre  to  fibre  contact  occurs  in  CFC  material  of  any  construction  and  there 
is  therefore,  a  strong  tendency  for  skin  effect  to  be  developed  as  in  a  homogeneous 
material , 

Proximity  or  coupling  effects  between  bundles  of  fibres  (tows)  have  been  considered,  and 
if  existing,  would  modify  the  resistivity  values  calculated  by  Haefner's  method  and 
improve  the  agreement  between  measured  and  calculated  results.  Proximity  effects  are, 
however,  insufficiently  developed  in  a  material  having  the  resistivities  of  CFC  materials 
to  have  an  appreciable  effect  on  the  calculations. 

A  specimen  of  H(y)  unidirectional  material  was  cut  12mm  wide  and  mounted  and  polished 
so  that  the  circular  fibre  ends  could  be  examined.  Under  microscopic  observation  the 
ply  boundaries  were  clearly  defined  but  no  delineation  of  tow  to  tow  boundaries,  within 
a  ply  were  detectable.  It  is  apparent  that  the  measurements  on  samples  H(y)  of  widths 
5mm  and  10mm  were  conducted  on  a  material  composed  of  parallel  layers  poorly  insulated 
from  one  another.  Measurements  made  perpendicular  to  the  strips  showed  the  resistivity 
to  be  about  five  times  greater  than  that  across  the  fibre  direction.  It  has  not  been 
possible,  so  far,  to  make  a  theoretical  prediction  of  the  high  frequency  behaviour  of 
such  a  composite  material. 

It  is  instructive,  however,  to  consider  the  theoretical  behaviour  of  an  hypothetical 
CFC  material  of  small  dimensions,  (1.57mm  x  1.57mm  cross-section  and  10mm  in  length), 
where  the  tows  (4  in  number  and  10^  fibres  per  tow)  can  be  regarded  as  discrete 
conductors  when  cross  fibre  resistivities  are  assumed  to  be  as  those  found  in 
samples  of  material  type  H. 

Howe  (HOWE,  G.W.O. . ,  1917)  gives  a  method  for  calculating  the  ratio  Rac/  ,  for  such  a 
sample.  Hac 

Table  3  shows  the  results  obtained  and  these  are  compared  with  calculations  using 
Haefner'e  method  appropriate  to  a  conductor  of  homogeneous  cross-section. 

The  ratio  Rac/R{jc  for  the  composite  consisting  of  four  discrete  tows,  shows  that  the 

grouping  of  thousands  of  fibres  in  a  tow  with  f ibre-to-fibre  contact  within  each  tow 
gives  rise  to  a  strong  skin  effect  at  frequencies  above  10  MHz.  At  frequencies  up  to 
lOO  MHz  the  ratio  Rac/ndc  not  very  different  from  that  found  for  a  solid 
homogeneous  cross-sectJ8n. 

TABLE  3 

Comparison  between  discrete  tow  and  homogeneous  structures 


Frequency 

(MHz) 

Rac/  Rdc 
(Howe,  4  tows) 

RaC//Rdc  (Haefner, 
homogeneous) 

0.1 

1.0 

1.0 

0.3 

1.0 

1.0 

1 

1  .002 

1.0 

3 

1.005 

1.0 

10 

1.04  6 

1.05 

30 

1.29 

1.15 

100 

2.0 

1.90 

300 

2.67 

3.05 

1000 

4  .06 

5.44 

9  THE  EFFECT  OF  VARIOUS  LIQUIDS  ON  THE  DC  RESISTANCE  OF  CFC  SAMPLES 

Environmental  effects  on  CFC  materials  are  of  prime  importance  and  work  has  been  done 
concerned  with  the  effects  on  direct  current  resistance  for  small  samples  immersed  in  a 
variety  of  liquids. 

Water  is  an  obvious  candidate  liquid  and  in  order  to  reduce  the  time  required  to  reach 
saturation,  samples  were  immersed  in  boiling  water  for  at  least  72  hours,  samples 
remaining  immersed  when  not  boiled.  Total  time  of  immersion  was  nearly  700  hours. 

Samples  were  also  boiled  in  a  synthetic  sea  water  solution  for  a  least  7?  hours  and  the 
total  time  of  immersion  exceeded  1000  hours.  Sample  construction  is  shown  in  Figure  11 
with  screws,  nuts  and  washers  for  electrical  connection.  Although  In  the  main  test 
batch,  such  fittings  were  removed  during  boiling  in  sea-water,  an  additional  sample  was 
fitted  with  brass  screws  and  boiled  separately  in  sea  water.  Corrosion  effects  on 
these  permanently  fitted  brass  screws  were  found  to  be  slight. 
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The  increase  in  voltage  drop  for  seven  samples  immersed  in  boiling  water  was  about  30% 
for  a  79  hour  period  of  boiling.  One  other  sample,  composed  of  woven  cloth,  was 
unaffected  by  such  treatment. 

Samples  immersed  in  boiling  sea  water  farad  less  well,  however,  and  some  voltage  drops 
increased  by  up  to  100%.  Some  degree  of  variation  may  have  been  introduced  by  the 
repeated  assembly  and  dismantling  of  the  screw  fittings  durii 3  the  boiling  period.  The 
sample  boiled  separately,  only  increased  in  voltage  drop  by  8%  compared  with  a  40% 
increase  for  a  sample  of  the  same  material  boiled  without  fittings,  although  the  effects 
of  contamination  by  small  amounts  of  copper  and  zinc  cannot  be  discounted.  Once  again, 
a  sample  composed  of  woven  cloch  was  virtually  unaffected  by  boiling  in  sea  water. 

The  immersion  of  samples  at  room  temperature  in  WD40  protective  fluid,  nydraullc  fluid 
and  paraffin  for  periods  ranging  from  300  to  1400  hours  had  virtually  no  effect  on 
voltage  drop. 

Some  of  the  test  samples  boiled  in  water  were  re-measured  for  voltage  drop  after  they 
had  remained  immersed  at  room  temperature  for  a  further  1400  hours  after  boiling  ceased. 
They  were  then  placed  in  a  vacuum  chamber  at  a  pressure  equivalent  to  an  altitude  of 
21  km  (about  35  torr)  for  a  period  of  16  hours.  Voltage  drops  were  measured  after 
returning  the  sample  to  atmospheric  pressure.  No  changes  in  voltage  drop  occurred  as  a 
result  of  this  treatment. 

10  SUMMARY  OF  RESULTS  ON  KF  RESISTIVITY  AND  FLUID  IMMERSION  TESTS 

Ten  types  of  CFC  material  have  been  examined  over  the  range  d.c.  to  300  MHz.  In  the 
case  of  unidirectional  CFC  the  resistivity  at  d.c.  and  low  frequencies  and  where  main 
current  flow  is  in  the  direction  of  the  fibre  lay  is  consistent  with  tne  expected  fibre 
volume  fraction  of  0.60  to  0.65. 

Skin  effect  develops  in  all  samples  in  a  manner  similar  to  that  for  a  homogeneous 
isotropic  mai  erial  when  connections  to  the  test  samples  are  made  in  the  manner  described 
The  effect  can  be  measured  by  Q-meter  or  Vector  Impedance  Meter  techniques.  The  Q-meter 
is  usable  at  frequencies  up  to  300  MHz  whereas  the  Vector  Impedance  Meter  is  limited  to 
108  MHz,  and  is  not  well  suited  to  the  low  resistance  of  CFC  samples. 

Water  absorption  to  saturation  has  been  found  to  increase  the  electrical  resistance  of 
samples  20%  to  40%  with  the  exception  of  a  woven  sample  where  no  change  in  resistance 
occurred. 

Immersion  in  boiling  sea  water  increased  the  voltage  drop  of  test  samples  by  as  much  as 
100%  but  the  sample  of  woven  cloth  material  was  again  unaffected  by  such  treatment. 

Immersion  in  protective  fluid,  hydraulic  fluid  or  paraffin  showed  little  effect  on  any 
sample. 

No  significant  changes  in  voltage  drop  were  produced  after  subjecting  water  saturated 
samples  to  an  ambient  air  pressure  equivalent  to  an  altitude  of  21  km  for  a  period  of 
16  hours. 


11  SCREENING 

11.1  Previous  work  on  screening 

The  literature  concerned  with  screening  by  CFC  is  somewhat  larner  than  that  pertaining 
to  resistivity  and  detailed  comments  cannot  be  made  on  it  in  a  paper  of  this  length. 

We  would  instance  as  examples  papers  such  as  those  by  (LKOUBY  C.D..,  1975),  (STRAWS,  Dj 
Fl'SZKER,  L..,  1975)  without  intending  the  denigration  of  any  other  works  published 
prior  to  or  alter  these  dates.  The  authors  referred  to  above  as  well  ns  others, 
described  the  used  of  a  'box'  method  for  screening  measurements  and  which  is  the  method 
adopted  at  ERA  for  this  purpose. 

11.2  Definition 


The  purpose  of  screening  is  to  provide  some  degree  of  isolation  between  a  source  of 
electromagnetic  erisrgy  or  transmitter  and  sensitive  electronic  equipment  ox-  receiver. 

The  definition  of  screening  ability  is  the  ratio  of  the  field  strength  in  the  unprotected 
free  space  situation  to  the  corresponding  value  with  the  screen  in  place.  The 
attenuation  in  the  magnetic  mode  A^  =  and  in  the  electric  mode  A^  *  E./E^  where 

the  subscripts  refer  to  the  field  strength  in  1  -  free  space  and  2  -  inside  the 
enclosures.  The  definition  relates  to  the  tangential  components  of  the  field  and 
makes  no  assumptions  other  than  tnat  adequate  rejection  of  the  component  not  being 
measured  can  be  achieved  by  the  measuring  technique  adopted.  The  important  feature  in 
tlie  separation  of  the  attenuation  measurements  into  magnetic  and  electric  mode  values 
is  the  use  of  the  appropriate  ’-eceiving  aerials. 


11.3  Techniques  of  Assessment 

The  concept  of  the  perfect  enclosure  may  be  introduced  at  this  stage. 


This  is  not  an 


enclosure  having  infinite  attenuation  but  one  in  which  penetration  is  due  to 
disvributed  transfer  through  the  material  of  the  screen  only  and  not  due  to  imperfections 
such  as  joints,  seams,  windows  etc.  In  the  absence  of  imperfections,  the  field  within 
the  enclosure  is  less  affected  by  local  distortion  and  the  position  of  internal  equipment 
fcr  measurements  is  not  so  critical.  However,  ideal  conditions  such  as  these  are 
rarely  achievable  in  practice  and  the  investigation  on  composite  panels  was  no  exception. 
The  techniques  which  were  employed  involved  the  construction  of  a  1.0m3  copper  box  with 
one  side  replaced  by  the  panel  under  test.  The  installation  of  the  composite  panel  in 
the  copper  box  inevitably  results  in  departure  from  the  concept  of  the  perfect 
enclosure  but  the  methods  of  assessment  have  been  designed  to  ensure  as  far  as  possible 
that  the  attenuation  of  the  complete  structure  is  determined  by  distributed  transfer 
through  the  composite  panel.  The  incident  electromagnetic  field  consists  of  separate 
but  interrelated  electric  and  magnetic  components,  complex  in  the  near  field  but  simple 
transverse  E  and  H  components  in  the  far  field.  For  any  incident  field  the  pattern  of 
induced  current  flow  in  the  screen  is  dependent  on  the  particular  component  under 
consideration  as  shown  in  Figure  12. See  also  MIEDZINSKI,  J..,  (1959).  The  composite 
panel  was  fitted  to  the  copper  enclosure  and  the  transmitting  aerial  was  orientated  to 
ensure  maximum  flow  of  induced  current  in  the  panel. 

The  investigation  was  separated  into  magnetic  and  electric  mode  measurements,  the  former 
using  loop  aerials  and  extending  from  0.15  to  30  MHz  while  the  latter  used  biconical 
aerials  and  covered  the  range  50  -1000  MHz.  Separation  into  reflection  and  absorption 
losses  has  not  been  included  in  the  investigation.  However,  several  of  the  sample 
panels  provided  had  a  thickness  of 2.0mmwhich  is  approximately  equal  to  the  penetration 
depth  at  frequencies  around  2  MHz.  Thus  the  attenuation  at  low  radio  frequencies  is 
generally  dominated  by  reflection  loss  while  at  higher  frequencies  the  effect  of 
absorption  increases  rapidly  and  becomes  dominant  in  the  v.h.f.  band  and  above. 

12 .  EXPERIMENTAL  METHODS 

2  2 

Sample  panels  of  either  1.0m  or  0.5m  were  normally  supplied  with  imperfect  edges  as  a 
result  of  the  curing  procedure,  and  also  had,  by  the  nature  of  the  curing,  a  resin-rich 
surface  preventing  good  contact  to  the  fibres.  Before  making  any  screening  measurements, 
therefore,  the  rough  edges  were  trimmed  by  file  and  abrasive  paper. 

Initial  measurements  of  the  screening  performance  of  each  sample  were  made,  as  described 
in  sub-sections  12.1  and  12.2  before  removal  of  the  surface  resin  layer.  Further 
measurements  were  required  with  as  good  a  contact  as  could  be  obtained  between  the  panels 
and  test  enclosure. 

This  was  achieved  by  removing  approximately  25mm  of  the  top  resin  layer  on  all  four 
sides  of  one  surface  of  the  sample  and  electroless  copper  plating  the  exposed  carbon 
fibres  of  the  surface  together  with  the  edges  in  the  manner  described  in  section  6. 

The  general  experimental  arrangement  is  shown  in  Figure  13.  The  basis  of  all  measurements 
was  to  set  up  transmitting  and  receiving  aerials  at  a  fixed  separation  distance,  generally 
one  metre,  and  to  obtain  values  of  received  field  strength  over  the  appropriate  frequency 
range  for  a  known  transmitter  output.  The  receiving  system  was  then  installed  inside 
the  copper  box  with  the  appropriate  panel  in  place  and  the  measurements  were  repeated. 

Considerable  care  was  taken  to  ensure  that  the  physical  conditions,  separation  distance 
etc.,  were  maintained  throughout  the  measurements. 

12.1  Magnetic  Mode 

In  the  frequency  range  between  0.15  and  30  MHz  the  transmitter  or  power  amplifier  was 
used  to  energise  loop  aerials  having  a  diameter  of  25  eras.  Similar  loops  were  used  as 

receiving  aerials  and  formed  part  of  the  tuned  input  circuit  in  an  amplifier  which  in 

turn  was  connected  to  an  interference  measuring  receiver.  The  complete  receiving 
installation  was  installed  inside  the  copper  enclosure  and  was  battery  powered.  'The 
loop  aerials  were  tuned  to  resonance  at  each  test  frequency  in  order  to  achieve 
maximum  sensitivity  and  were  also  orientated  for  maximum  reception  of  signal.  In 
practically  all  tests  the  orientation  was  very  ’close  to  the  predicted  position  indicating 
that  distributed  transfer  was  the  dominant  mode  of  propagation  through  the  screen.  Tests 
were  performed  throughout  the  frequency  range  under  the  following  conditions  :  1.  Free 
space,  2.  CFG  panel  installed  but  with  edges  unplated,  3.  Panel  installed  with  edges 
plated,  4.  Enclosure  alone,  open  on  one  side. 

12.2  Electric  Mode 

Measurements  in  the  electric  mode  covered  the  frequency  range  from  50  to  1000  MHz. 

Considerable  problems  were  encountered  with  attempts  to  employ  rod  or  doublet  aerials 

particularly  at  lower  frequencies,  where  lack  of  sensitivity  determined  the  minimum 
frequency  at  which  reasonable  measurements  could  be  made.  Further  investigations  led 
to  the  development  of  scaled  down  biconical  aerials  for  transmission  and  reception 
which  gave  good  coverage  of  the  frequency  range  without  the  need  for  adjustment. 
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For  reasons  of  operational  convenience  the  transmitting  biconical  aerial  was  installed 
inside  the  enclosure  under  test  and  was  fed  through  double  screened  coaxial  cable  from 
the  power  amplifier  and  signal  generator.  The  latter  were  installed  in  a  similar  but 
separate  screened  enclosure  to  ensure  that  no  parallel  propagation  paths  existed.  The 
receiving  biconical  aerial  was  installed  at  the  appropriate  distance  outside  the 
enclosure  under  test. 

Coverage  of  such  a  wide  frequency  range  inevitably  meant  that  resonant  effects  were 
encountered,  which  tended  to  dominate  the  results.  Cavity  resonance  in  the  test 
enclosure  occurred  at  about  230  MHz  but  the  effects  were  reduced  to  negligible 
proportions  by  the  installation  of  resistive  damping  material  around  the  internal  walls. 

13  RESULTS  OF  SCREENING  MEASUREMENTS 

The  results  that  are  included  are  representative  of  many  others  produced  during  the 
course  of  a  very  comprehensive  investigation.  The  samples  referred  to  in  the  paper 
employed  XAS  fibres  and  BSL  914C  resin.  In  Figure  14  the  attenuation  in  the  magnetic 
mode  is  shown  for  frequencies  between  0.15  and  30  MHz.  The  upper  curve  shows  the 
attenuation  for  a  sample  with  edges  plated  by  the  methods  described  and  for  which  good 
all  round  contact  was  maintained  with  the  metal  box.  The  attenuation  in  not  large 
rising  directly  with  frequency  as  might  be  expected  for  a  panel  whose  thickness,  2mm, 
was  approximately  equal  to  the  penetration  depth  at  about  2  MHz .  The  absorption  loss  is 
estimated  to  be  less  than  lOdB  at  1  MHz  and  probably  no  more  than  40  dB  at  30  MHz  so 
that  reflection  loss  largely  determines  the  overall  attenuation  in  the  frequency  range 
up  to  30  MHz.  However,  the  increasing  attenuation  at  frequencies  approaching  30  MHz 
indicates  that  the  absorption  loss  is  likely  to  become  dominant  in  the  v.h.f.  band. 

It  must  be  emphasised  that  the  values  of  attenuation  refer  to  the  composite  panel  alone, 
allowance  having  been  made  for  the  contribution  provided  by  the  five  sided  enclosure. 

The  reduction  in  attenuation  due  to  poor  joints  is  well  shown  by  the  lower  curve  which 
presents  the  results  for  the  same  panel  before  plating. 

Figure  15  shows  the  measured  values  of  attenuation  in  the  electric  mode  over  the 
frequency  range  from  50  to  1000  MHz,  again  for  the  same  plated  and  unplated  panel.  The 
frequency  range  was  restricted  by  the  inefficiency  of  the  small  biconical  aerials  which 
were  used.  The  fluctuations  in  the  attenuation  are  due  to  inperfections  in  the 
measuring  technique  rather  than  to  variations  in  the  sample.  In  particular  the  effect 
of  the  open  sided  enclosure  on  the  small  high  impedance  biconical  aerials  is  much 
greater  than  on  the  loop  aerials  used  for  measurement  of  magnetic  attenuation.  The 
values  around  90  -  100  dB  are  comparable  with  the  limit  of  measurement  as  it  is 
extremely  difficult  to  provide  this  degree  of  isolation  between  the  transmitting  and 
receiving  systems,  so  that  the  inherent  attenuation  provided  by  the  CFC  panel  is 
probably  much  greater  than  the  values  shown.  The  most  significant  factor  is  again  the 
deterioration  in  attenuation  when  there  is  poor  contact  between  the  CFC  panel  and  the 
metal  enclosure.  The  reduction  shownis  about  40dB  and  is  probably  an  underestimate. 

Figure  16  shows  the  results  of  the  measurements  of  attenuation  in  the  magnetic  mode  for 
three  different  samples  of  composite  panels.  One  panel  was  conventional  16  ply  CFC 
whereas  the  other  two  consisted  of  two  4  ply  sheets  surrounding  a  honeycomb  in-fill  of 
aluminum  and  of  Hexcel which  Is  an  insulating  material.  The  mechanism  of  screening  has 
not  been  investigated  in  detail  but  absorption  loss  is  probably  dominant  at  frequencies 
above  30  MHz  while  at  lower  frequencies  attenuation  is  provided  by  multiple  reflection 
in  the  complex  panels.  The  overall  result  is  a  level  of  attenuation  in  the  magnetic 
mode  of  comparable  value  with  that  provided  by  the  16  ply  panel. 

Figure  17  shows  the  attenuation  in  the  magnetic  mode  for  the  same  panel  as  used  to 
obtain  the  results  given  in  Figure  14  but  obtained  entirely  under  far  field  conditions. 

In  the  frequency  range  up  to  1.5  MHz  broadcast  transmitters  were  used  at  distances 
of  about  200  km  and  in  the  range  1.5  -  30  MHz  a  3roall  local  source  was  used  at  a 
distance  of  200  metres  which  was  at  least  one  wavelength  at  the  lowest  test  frequency. 
Comparison  of  the  results  in  Figures  14  and  17  shows  close  agreement. 

Calculation  of  attenuation  based  on  resistivity  may  be  performed  using  a  number  of 
procedures.  These  generally  involve  a  calculation  for  a  spherical  shell  of  CFC  material. 
If  this  is  done,  calculated  values  are  up  to  about  lOdB  below  measured  values.  Detailed 
investigations  have  not  been  made. 

14  SUMMARY 

This  investigation,  had,  among  its  objectives  the  provision  of  information  to  fill  a  gap 
in  current  knowledge  of  the  r.f.  properties  of  composite  materials.  This  paper  has 
provided  a  description  of  the  techniques  of  measurement  of  the  screening  attenuation  for 
panels  of  CFC  material.  The  good  agreement  achieved  between  attenuation  measurements 
under  near  and  far  field  conditions,  although  investigated  at  present  only  for  the 
magnetic  field,  is  nevertheless  a  good  indication  that  consistent  and  repeatable  results 
can  be  obtained  by  the  techniques  which  have  been  devised. 
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It  has  been  shown  that  CPC  panels  such  as  are  presently  being  used  in  aircraft 
construction  are  inherently  capable  of  providing  high  attenuation  at  frequencies  in  the 
v.h.f.  band  and  above.  In  the  h,f.  band  the  attenuacion  of  magnetic  fields  will  fall 
approximately  directly  with  reducing  frequency  and  is  unlikely  to  exceed  20dB  at 
frequencies  below  1  MHz,  The  importance  of  bonding  the  CPC  panels  to  the  main  structure 
has  been  clearly  shown  and  the  method  of  electroless  plating  has  been  demonstrated  as  one 
possibility  for  achieving  adequate  bonding.  Several  aspects  of  the  problem  which  still 
require  detailed  study  are  the  attenuation  in  the  electric  mode  at  frequencies  below  30 
MHz,  and  the  performance  of  bonded  joints  between  CPC  panels.  Further  corroboration  is 
also  needed  of  tne  agreement  between  near  and  far  field  measurementa , 
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APPENDIX 

E lectroless  plating  of  CFC  samples 
Sensltlscr  (Note .  This  car.  be.  .re-used) 

Add  3.5g  SnCl^  to  20ml  cone.  IIC1  and  add  Srol  of  1%  Pd  Clj.  Make  up  to  100ml  with 
distilled  water.  Immerse  the  piece  to  be  plated  for  about  5  minutos  at  room  temperature 
and  then  rinse  thoroughly  (10  minuten) , 


Plating  Solution 


35g  CuSO^ .  5 II 2 0 f  170g  sodium  potassium  tartrate;  50g  NaOll.  Make  up  to  1  litre  witli 
distilled  water.  Just  prior  to  use,  this  solution,  (or  part  of  it),  should  have  added  to 
it  formaldehyde  solution  in  the  ratio  of  lOOir.ixture :  8  formaldehyde  solution.  The  rinsed 
specimen  should  now  be  placed  in  this  mixture ,  and  left  until  plated.  Plating  occurs 
best  on  rough  surfaces  (it  does  not  adhere  well  to  the  smooth  outer  rayer  of  resin)  .  The 
resulting  copper  layer  is  readily  soldered  but  overheating  is  to  be  avoided. 


c,, Op  Obtained  with  Rx  shorted  *  Jig  with  shorting  switch 

usable  to  50  MHz, dual 

^iQg'Ubloiued  with  Rxin  circuit  inductor  method  used  above 

50  MHz.  (See  Fig.  2  (b)) 


Test  samples  are  25mm  x  10mm  {length  x  width) 
and  25mm  x  5  mm. 


Fig.  1  Q-meter  test  circuit 
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Fig.2(a)  Test  jig  1  to  SO  MHz 


I  Omm 


35mm 


10mm  (5mm  for  small  test  samples) 
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—  J  |-*— 

6mm. 

Standard  inductor  for  100  to  300  MHZ  (0-076mm  brass) 


Test  Sample  soldered 
to  end- pieces 


~>-l  7mm}-*- 


End -piece 


Fig. 2(b)  Testing  samples  at  100  to  300  MHz 


Plating  on  epoxy  surface 


Plating  on  cut  and  cleaned  surfoces 

Fig. 3  Plated  sample 


Copper  clod  retin- bonded  fibre  gloss 
circuit  board .  Copper  on  outside  only. 


Resistivity,  p  (IO'4ilm) 
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Fig. 5  Typical  resistivity-frequency  characteristics 


Fig,5(a)  Typical 
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size  .  (see  Section  6.2)  • 
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Frequency,  MHz 

Fig. 7  Transmission  line  sample  200mm  x  12mm  x  2.1 1mm  (see  figure  4)  —  resistivity  measurements 
by  vector  impedance  meter  compared  with  those  obtained  using  Q-meter 
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Frequency,  MHz. 


Fig.8  Transmission  line  sample  200mm  x  12mm  x  2.1  limn  (see  figure  4)  -  resistivity  by  vector  impedance  meter, 
compared  with  measurements  by  Q-meter  using  25mm  x  5mm  x  2.1 1  mm  samples  of  Figure  6 


Fittings  are  8 BA  brass  screws 
22  SWG  tinned  copper  with  washers  and  nuts. 


Fig.  1 2  Patterns  of  current  flow 
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Fig.  1 5  Electric  attenuation 


Fig.  16  Magnetic  attenuation 
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THE  MEASUREMENT  OF  ELECTRICAL  CONDUCTIVITY  IN 
CARBON/EPOXY  COMPOSITE  MATERIALS  OVER  THE 
FREQUENCY  RANGE  OF  75  MHZ  TO  2.0  GHZ 

W.  ■  F .  Walker 

Electrical  Engineering  Department 
Rochester  Institute  of  Technology 
Rochester,  N.Y.  14623,  U.S.A. 

SUMMARY 

A  stripline  technique  for  the  measurement  of  longitudinal  and  transverse  conductivity  of 
graphite  (carbon) /epoxy  composite  materials  over  the  VHF/UHF  (75  MHz  to  2.0  GHz  range) is 
described.  The  method  is  unusual  in  that  it  is  essentially  free  of  the  uncertain  effects 
of  contact  resistance  between  the  sample  and  the  measurement  apparatus.  The  underlying 
theory  of  the  method  rests  on  the  relationship  between  the  conductivity  of  the  sample  and 
the  lossy  standing  wave  patterns  established  on  the  strip  transmission  line.  The  essen¬ 
tials  of  this  theory  are  presented  in  the  paper. 

In  addition  to  the  presentation  of  the  theory  behind  the  method,  the  paper  includes  illus¬ 
trations  of  experimental  models  of  the  test  transmission  line.  Longitudinal  and  trans¬ 
verse  conductivity  measurements  on  gr aphite/epo.xy  are  also  presented  as  well  as  longitu¬ 
dinal  measurements  of  boron/epoxy  and  aluminum  in  the  1.0  GHz  to  2.0  GHz  range. 

1.  INTRODUCTION 


Any  technique  for  the  measurement  of  conductivity  of  carbon/epoxy  composite  materials 
over  the  75  MHz  to  2.0  GHz  frequency  range  must  contend  with  three  major  constraining 
conditions : 

a)  Spurious  contact  resistance  between  the  carbon/epoxy  sample  and  the  measure¬ 
ment  apparatus  must  not  interfere  with  the  accuracy  of  measurement. 

b)  The  dimensions  (in  wavelengths)  of  the  samples  will  be  such  that  field  and 
wave  analysis  methods  will  be  required  rather  than  "lumped  circuit"  analysis 
methods . 

c)  Methods  based  on  large-sheet,  plane  wave  excitation  at  normal  incidence 
will  be  impractical  in  all  but  the  largest  anechoic  facilities. 

The  slotted  strip-line  method  described  here  was  devised  with  these  conditions  upper-most 
in  mind. 


2.  THE  SLOTTED  STRIPLINE  TEST  APPARATUS 

The  basic  geometry  of  the  slotted  stripline  composite  material  tester  is  shown  in  Figure 
2-1.  The  line  is  driven  from  a  Radio  Frequency  (RF)  generator  at  one  end  and  left  "open- 
circuited"  at  the  other.  The  finite  conductivity  of  the  composite  conductor  produces 
dissipative  voltage-standing-wave-patterns  along  the  transmission  line  which  are  sensed 
by  the  probe.  The  E-Field  squared-magnitude  | E ^ (  is  then  given  by: 

|  E2  |  “  K[cosh(2ax  +  2u)  +  cos(28x  +  2  4> )  ]  (2-1) 

2 

where,  K  =*  a  "gain  constant"  in  (volts/meter)  depending  upon  source  strength, 
x  “  distance  (meters)  from  the  line  end  opposite  the  source, 
a  »  real  part  (nepers/meter)  of  the  propagation  factor,  y. 

8  ■  imaginary  part  (radians/meter)  of  the  propagation  factor. 

Y  a  +  j 8  -  complex  propagation  factor  along  the  line. 

u  -  a  "termination  factor"  (nepers)  -  equal  to  zero  for  a  pure  open- 
circuit  termination. 

<j>  -  a  "termination  factor"  (radians)  equal  to  zero  for  a  pure  open- 
circuit  termination. 

A  schematic  representation  of  the  test  circuit  and  sketch  of  a  typical  lossy-line  stand¬ 
ing  wave  pattern  are  in  given  in  Figure  2-2.  In  the  measurement  of  a  sample,  the  squared- 
voltage-standing-wave-pattern  is  plotted  and  the  parameters  d;  and  8,  are  readily  deter¬ 
mined  from  this  plotted  data. 


In  samples  of  high  conductivity  along  the  axis  of  the  slotted  line  (e.g.  aluminum, 
carbon/epoxy  and  boron/epoxy  with  fibers  parallel  to  the  line  axis)  the  skin  depth  is  very 
small  compared  to  the  sample  thickness.  The  admittivity  |y|  »  jo  +  ju)e  |  of  these  samples 
in  the  direction  of  propagation  along  the  line  is  then  given  by: 


o  +gwe 
1  c  c  1 


we  82 
d  o 


{ [a2-62  +  32 ] 2  + 


4aV>a2 


y 


mhos/meter 


(2-2) 
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where  u 


a 


operating  radlen  frequency 
permittivity  of  the  dielectric 


permeability  of  free  space 
thickness  of  the  dielectric 


-  4ttx1  0 
spacer  in 


henries 

mater 

meters 


In  the  frequency  band  reported  here,  tha  permittivity  £  of  the  enrbon/epoxy  specimen  is 

of  the  ordar  of  that  of  the  epoxy  alone  with  the  result°that  <J  »we  and  therefore 
i.ii;  „  c  c 


OUTLINE  OF  THE  UNDERLYING  THEORY 


3.1  Samples  of  High  Conductivity 

*» 

In  the  case  of  a  unidirectional  carbon  fiber  composite  sample  with  fibers  parallel  to  the 
slotted  line  axis,  equation  (2-2)  has  been  used  to  relate  sample  admittivity  to  the  pro¬ 
pagation  parameters  (a  and  8)  on  the  line.  In  this  case,  the  shin  depth  (depth  of  field 
penetration  into  the  sample)  is  sufficiently  small  so  that  the  line  may  be  modelled  as 
shown  in  Figure  3-1.  The  essential  structure  consists  of  a  lossy  (i.e.  the  composite) 
“half-space"  facing  a  pure  conducting  "half-space"  (aluminum)  with  a  separating  layer  of 
dielectric  (permittivity  £  ) .  The  wave  propagating  along  the  line  is  then  a  "quasi  TEM" 
sinusoidal  wave  propagating  in  the  dielectric  between  the  two  half-spaces.  This  field 
geometry  has  been  analyzed  in  the  literature  (Ramo,  Whinnery,  Van  Duzer,  1967). 


Ramo,  whinnery,  and  Van  Duzer  define  three  propagation  constants,  (';',  and  )  which 
characterize  sinusoidal  field  behavior  in  "quasi-TEM"  waves  propag«tingcbetween  tha  two 
half-cpaces  of  Figure  3-1. 


Y  ”  ot  +  j 8  “  complex  propagation  factor  in  the  direction  parallel  to  the  plates 
2  2  2  2 

K  “  Y  +<i)  y.G  “  (propagation  factor)  in  the  lossy  material  in  the  direction 
c  0  C  “ 

normal  to  thb  plate  surfaces 
2  2  2  2 

K .  ■  Y  +0)  u  e  _  •  (propagation  factor)  in  the  dielectric  between  tho  plates  in  a 
a  o  a 

direction  normal  to  the  plate  surfaces. 


The  parameters  E  ,  £.,  U  and  U)  are: 

C  a  O 

E  -  complex  permittivity  of  the  lossy  material  (F/m) 
c 

C.  -  permittivity  of  the  dielectric  (real)  (F/m) 
a 

V  -  4tt  x  10  7  henries/meter 
o 

U)  =  radian  frequency  of  the  propagation  wave. 

Equation  (7),  p.  381  of  Ramo,  Whinnery  and  Van  Duzer  relates  these  parameters  to  the  geo¬ 
metry  of  Figure  3-1  (b)  as 


k  E 

tan  (k^a )  -  j  — —  .  (3-1) 

Kd  c 


This  equation  results  from  matc.hing  boundary  conditions  on  the  E  and  H  fields  at  the 
interface  between  the  lossy  plates  and  the  dielectric.  "a"  is  equal  to  the  spacing  in 
Figure  (3-1)  (a)  (and  in  the  slotted  line). 

In  the  case  of  a  lossy 
the  composite  material 

- 1 2 

where,  £  ■  8.85  x  10  farad/meter 

o 

k'  »  real  part  of  the  composite  material  dielectric  constant 
(dimensionless) 

C  ■  conductivity  of  the  composite  material  in  the  direction  of 
propagation  (mhos/m) 


material  such  as  the  composites,  the  complex  permittivity  E  for 
can  be  expressed: 


e  k 1  + 

o  c 


c 

jw 


(3-2) 


For  graphi te/epoxy  and  boron/epoxy  with  fibers  running  in  the  direction  of  propagation , ^ 
it  may  be  anticipated  that  the  losses  will  be  relatively  low  in  the  stripline  so  that  y" 
will  be  very  nearly  that  for  lossless  boundaries.  That  is. 


2  ~  2 
y  -  -  u  u0ed 


-  ift*a 


(3-3) 
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Than  since. 


2  2  2 
Kd  -  Y  +  w  yoed 


it  will  be  true  that. 


<<  w  p  e , 

o  d 


Vith  a  small  dielectric  thickness  “a",  therefore,  the  term  (K  a)  will  be  much  less  than 
unity  and  the  left  hand  side  of  equation  (3-1)  may  be  approximated  by 


tan(K.a)  «  K  a 
a  d 


and  there  results. 


V  ” 


jxe, 

c  d 


-/oe^K 
d  c 

c  a 


~  0)C  ,  K 

• 

c 

Recalling  that  e  is  complex,  the  term  (jwe  )  is  the  "admittivity "  of  the  composite  mate¬ 
rial  and  may  be  written 

jwe  •  (a  +jwe  k 1 )  . 

c  c  ~  o  c 

Equation  (3-8)  then  becomes, 

2  '  uedK 

Kda  "  To  +  jwe  k'  )  ‘  (3-9) 

C  0  c 


2  2  2  2  - 
Now#  recall  that  X  -  y  +  u>  \i  e  ■  Y  -  jam  (a  +  ju>e  k'),  so  that  even  for  a  -  1  mho/ 

,  C  o  c  OcOc^^  c 

meter,  k"  “  -  jwpo<ac  +  jweQkM  for  frequencies  up  through  10  Hz.  Using  this  approxi¬ 
mation  and  squaring  equation  (3-9)  yields, 


(  -  jwu  )w2e2 
_ _ _  0  _ d 

(a  +  jwe  k • ) 

C  0  c 


(3-10) 


The  term  K  may  be  expressed  in  terms  of  the  real  and  imaginary  parts  of  the  propagation 

d 

factor,  y,  where  Y  "  a  +  jB.  That  is. 


2  2 

Y  +  «  Uoed 


(a2  +  w2p  e  -  B2)  +  j2aB. 

0  a 


(3-11) 


Then  the  complex  admittivity  of  the  composite  slab  may  be  expressed  as: 


(a  +  jwe  k’) 

c  o  c 
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Equations  (3-11)  and  (3-12)  from  the  basis  of  the  use  of  the  slotted  stripline  for  the 
measurement  of  composite  material  admittivity.  By  measuring  the  lossy  standing  wave  pat¬ 
tern  along  the  line,  the  real  (a)  and  imaginary  (8)  parts  of  the  propagation  factor,  Y, 
may  be  determined,  and  these,  together  with  a  knowledge  of  the  dielectric  material  (e  ), 
and  "a",  and  the  frequency,  may  be  used  in  equations  (3-11)  and  (3-12)  to  determine 

(a  +  jwe  k ' ) . 

c  o  c 

In  a  practical  example  involving  graphite/epoxy  composites  with  unidirectional  fibers  run¬ 
ning  parallel  to  the  direction  of  propagation,  the  following  inequalities  among  a,  B,  and 

B  generally  hold: 
o 

2  2 

a)  B  is  larger  than  B  hut  of  the  same  order  of  magnitude 

o 

b)  B2  >>  a2,  where  B2  “  w2p  e.  . 

o  o  0  a 


The  result  is  that  the  angle  of  complex  number  K  in  equation  (3-12)  is  very  sensitive  to 
small  percentage  variations  in  the  measurement  of  a  or  B.  Correspondingly,  the  angle  as¬ 
cribed  to  (o  +  jwe  )  by  the  measurement  process  may  be  questionable.  However,  the  magni¬ 
tude  of  the  admittivity  of  the  sample  |a  +  jwe  |  will  be  given  to  about  the  same  accuracy 
as  the  measurement  accuracy  of  a  and  3  individually. 


3.2 


Samples  of  Low  Conductivity 


The  procedure  described  above  was  used  in  all  cases  reported  here  except  the  case  of  a 
carbon/epoxy  sample  with  unidirectional  fibers  transverse  to  the  direction  of  propagation 
along  the  line.  In  this  case  the  conductivity  of  the  sample  in  the  direction  of  line 
propagation  (transverse  to  the  fibers)  is  sufficiently  low  and  the  skin-depth  sufficient¬ 
ly  deep  to  permit  the  assumption  of  uniform  current  distribution  over  the  cross-section 
of  the  sample.  Under  these  circumstances  the  line  can  be  modelled  as  a  simple  transmis¬ 
sion  line,  as  in  Figure  3-2.  For  this  model: 


0 

R 


1 

0Wt 


(3-13) 


where  a,  t,  and  w  are  as  indicated  in  Figure  3-2.  p  and  e  are  the  permeability  of  free 
space  and  the  permittivity  of  the  dielectric  spacer , ^respectively . 

The  line  impedance  z,  and  admittance  y,  per  unit  length  are  then. 


z  «  R  +  jwL  ohms/meter 
y  «  jwc  mhos/meter 

Accordingly,  th6  propjigation  factor  y,  will  be: 
Y  -  +  zy  -  (R  +  jwL)  ( jwc ) 

;  +  j  uRc  -  +(1  +j)  for  R  >>  inL 

and 


a 


~  aiRc 
2 


(3-14) 


(3-15) 


(3-16) 


Equations  (3-16)  and  (3-13)  can  then  be  used  to  relate  the  attenuation  constant  a  to  the 
sample  conductivity  0,  giving 


2  l  J-o.  / 

2a  ta 

For  this  case,  only  the  attenuation  constant  need  be  evaluated  from  the  standing  wave 
data. 

4.  DETAILS  OF  THE  EXPERIMENTAL  LINE 

4.1  The  "Six-Foot"  Line 

Two  experimental  lines  were  built  and  tested  with  carbon/epoxy ,  boron/epoxy,  and  aluminum 
test  samples.  One  line  (used  at  lower  frequencies)  was  approximately  6  feet  long  and  is 
shown  (without  the  test  sample  in  Figure  4-1) .  A  cross-sectional  view  of  the  line  with 
the  test  sample  in  place  is  shown  in  Figure  4-2.  Excitation  to  the  line  is  obtained  by 
contact  between  the  center  conductor  of  a  coaxial  line  with  a  beveled  end  of  the  test 
sample  which  has  been  covered  with  conducting  paint  (see  Figure  4-3).  Figures  4-4,  4-5, 
4-6  show  several  "exposed"  views  of  construction  of  the  experimental  six-foot  line.  Fig¬ 
ure  4-7  shows  the  probe  carriage,  slab  turner  and  detector  assembly  (essentially  adapted 
from  a  General  Radio  874-LBA  coaxial,  line  probe  carriage). 

4.2  The  "10-Inch"  Lina 


An  earlier  10-inch  line  is  shown  in  Figure  4-8  which  used  a  slotted  section  of  X-band 
(3cm.)  wave  guide  as  the  outer  conductor. 


5 •  TYPICAL  DATA  AND  CONDUCTIVITY  RESULTS 

Figure  5-1  shows  a  representative  standing  wave  pattern  (i.e.,  | E 2 |  vs  "x")  obtained  for 

a  longitudinal,  unidirectional  carbon/epoxy  sample  measured  at  300  MHz  on  the  six-foot 
line.  The  lossy  standing  wove  pattern  is  clearly  evident.  Wavelength,  X  ,  on  the  line 
is  readily  moasured  (as  indicated)  frdm"  the  cyclic  nature  of  the  pattern  2t  the  "open" 
end  of  the  plot.  The  phase  constant  6  is  then  calculated  as: 

9 


8 


(5-1) 


The  broken  line  on  the  plot  represents  the  sketched  estimate  of  the  term,  K  cosh  ( 2 cry )  , 
where  "y"  is  the  distance  in  meters  toward  the  generator  from  the  "open  circuit"  end  of 
the  line  (157  centimeters  on  the  distance  scale).  Two  widely  separated  points  on  this 
broken  line  can  be  used  to  solve  for  the  gain  constant  K  and  the  attenuation  constant  a 
as  follows  (see  Figure  5-1): 


we  have , 


K  cosh  (2a  y ^ ) 


(5-2) 
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Hj  :  K  cosh (2a  y j )  . 


Then 

H1 

cosh(2a  y  )  -  (— =•)  ooeh  (2Ct  y  ).  (5-3) 

*  *>2  1 

This  last  transcendental  equation  is  then  solved  iteratively  on  a  pocket  calculator  to 
yield  a.  The  conductivity,  a,  is  then  evaluated  according  to  equation  (2-2),  given  pre¬ 
viously.  In  the  case  o 1  Figure  5-1,  the  results  were: 


3^  “  8.89  radians/meter 

a  -  .80  nepers/meter 

~  4 

a  -  5.03  x  10  mhos/meter 


Figures  5-2,  5-3,  5-4,  5-5  show  representative  standing  wave  data  for  unidirectional 

carbon/epoxy  samples  at  frequencies  of  150  KHz,  300  MHz,  600  MHz,  and  2.0  GHz,  respec¬ 
tively.  The  calculated  conductivity  values  based  on  these  measurements  weret 


Frequency 


Conductivity  (mhos/mater) 


150  MHz 
300  MHz 
600  MHz 
2.0  GHz 


6.9  x  10^ 
5.03  X  10* 
2.22  x  10* 
3.01  x  10 


Figures  5-7  shows  a  standing  wave  pattern  taken  at  1.2  GHz  on  an  aluminum  sample.  The 
constant  "through"  depths  indicated  a  conductivity  of  the  order  of  107  mhos/meter. 

Figure  5-8  shows  a  standing  wave  pattern  for  a  unidiracf < cnal  boron/epoxy  sample  9  2.QGH-I. 
The  calculated  conductivity  was  7  x  104  mhos/meter  in  the  direction  of  the  fibers. 

6.  SUMMARY 


The  work  reported  here  is  perhaps  best  viewed  as  a  fairly  thorough  demonstration  of  the 
feasibility  of  the  slotted  stripline  method  over  a  broad  range  of  frequencies  and  sample 
conductivities.  In  the  process,  the  measured  results  gave  a  clear  indication  of  the 
areas  ir.  which  the  method  could  be  improved  to  the  level  wl  ire  consistently  accurate  re¬ 
sults  could  be  obtained  routinely. 

6.1  Results  on  Experimental  Lines 
The  10-Inch  Line 

This  line  was  effective  above  1.0  GHz  where  at  least  one  full  cycle  of  standing  wave  pat¬ 
tern  was  attainable.  Furthermore  the  mechanical  precision  of  the  line  provided  classic 
lossy-standing-wave  patterns  at  frequencies  between  1.0  and  2.0  GHz.  The  detector  probe 
on  this  line  was  untuned,  however,  which  resulted  in  considerable  loss  of  sensitivity. 
This  loss  was  not  serious  in  the  case  of  the  highly  conductive  graphite/epoxy  and  boron/ 
epoxy  longitudinal  samples,  but  prevented  extended  pattern  measurement  in  the  case  of  the 
highly  lossy  transverse  graphite/epoxy  measurement.  Tuning  the  probe  would  have  greatly 
increased  the  detector  output  and  also  suppressed  harmonics  'if  present)  in  the  signal 
generator  which  could  greatly  contaminate  the  standing  wave  pattern. 

Due  to  the  short  circumferential  distance  around  the  sample  strip  within  this  line,  it 
could  be  used  readily  up  to  about  5.0  GHz  without  danger  of  higher'  propagating  modes. 

The  Six-Foot  Line 

The  six-foot  line  was  highly  effective  from  75  MHz  to  2.0  GHz.  Its  lack  of  mechanical 
precision,  principally  with  regard  to  uniformity  of  cross-section  caused  some  noticeable 
perturbation  of  the  standing-wave  pattern  along  the  line.  Its  "carcass",  however,  was 
simply  a  slotted  length  of  stock  aluminum  channel  extrusion.  In  a  line  with  a  more  rigid 
structure,  machined  with  a  precision  consistent  with  standard  slotted  line  instruments, 
these  perturbations  would  not  occur. 

There  still  remained  some  spurious  radiation  from  the  slot  which  interacted  with  the  pro¬ 
be  carriage  on  the  six-foot  line.  It  is  felt  that  this  interaction  could  be  substantial¬ 
ly  reduced  by  a  deeper  slot  into  which  the  inner  and  outer  (shield)  conductors  of  the 
probe  could  extend. 

6.2  Recommendations  for  Refinement  of  the  Method 
Basic  Line  Cross-Section 

A  Sketch  of  a  proposed  improved  line  cross-section  is  shown  in  Figure  6-1. 
In  comparing  this  with  the  c r osb- sec tion  of  the  experimental  line,  a  number  of  features 
are  worth  emphasizing: 

a)  The  entire  structure  is  more  rigid.  This, coupled  with  machining  of  the 

sample  bed  and  probe  carriage  track  will  provide  the  uniformity  in  cross- 
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■action  necessary  for  pure  lossy-line  standing-wave  pattarns. 

b)  The  circumferential  distance  around  tha  sample  strip  is  reduced  allowing 
for  operation  at  higher  frequencies. 

c)  Tha  slot  is  considerably  deeper  to  better  contain  the  field  and  shield  tha 
probe . 

Probe  Design 

Two  improvements  are  suggested  in  connection  with  the  probe  and  its  carriage. 

a)  Taka  advantage  of  the  shielding  features  of  a  deeper  slot  by  aarrying  both 
the  inner  and  outer  conductors  of  the  probe  deeper  into  tha  slot.  Probe 
depth  adjustment  should  be  retained)  however. 

b)  In  any  given  band  of  operation,  the  tuning  circuit  for  the  probe  should 
have  a  single  adjustable  resonant  peak.  Since  the  system  itself  is  cap¬ 
able  of  operation  over  a  broad  band,  this  precaution  prevents  inadvertent 
tuning  to  signal  harmonics,  as  is  possible  with  " stub-tuning . " 
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.44  “lixposed”  view  of  six-foot  line  with 
composite  center  conductor 
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Fig. 5-5  Standing  wave  pattern  («J  2.0  GHz  for  longitudinal 
unidirectional  graphite/epoxy  sample 


Fig.5-7  Standing  wave  pattern  @  1 .2  GHz  for  an 
aluminum  sample 
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EMC,  LIGHTNING  AND  NEMP- PROTECTION-NEW  REQUIREMENTS  FOR 
APPROVED  SPECIFICATIONS  WHEN  USING  CFRP 


D.  Jaeger  /  K.H.  RippI 
Messerschmitt-Bolkow-Blohm 
-  Apparate  - 

D-8012  Ottobrunn  -  Germany 


SUMMARY 


The  use  of  CFRP  (Carbon  Fibre  Reinforced  Plastics)  in  modern  aircraft  achieves  good  ad¬ 
vantages  for  mechanical  strength  and  is  weightsaving,  compared  with  aluminum  structures 
(e.  g.  up  to  one  ton  weightsaving  for  fighter  aircraft).  This  could  be  very  important  for 
flight  performance  and  mission  success. 

In  spite  of  the  advantages  there  are  also  some  disadvantages  in  using  CFRP  materials. 

These  are  mainly  unwanted  electromagnetic  effects  on  electronic  equipment,  caused  by  EMI 
(Electromagnetic  Interference)  lightning,  electrostatic  discharges,  and  NEMP  (Nuclear 
Electro-Magnetic  Pulse).  The  reason  for  these  problems  is  lower  shielding  effectiveness 
of  the  aircraft  structure  compared  to  aluminum.  Specif iactions  used  for  aircraft  today  do 
not  pay  regard  to  the  requirements  of  the  new  materials.  For  NEMP-protection  there  are  no 
adequate  specifications  available  in  Western  Europe.  Proposals  are  made  in  this  paper  how 
the  existing  documents  should  be  modified. 

1 .  INTRODUCTION 

To  achieve  proper  performance  of  aircraft  avionic  systems,  unwanted  electromagnetic 
effects  related  to  the  fields  of  EMC  (Electromagnetic  Compatibility),  lightning-,  electro¬ 
static-  and  NEMP-protection  must  be  considered  (Fig.  1).  How  important  a  good  control  of 
these  effects  is,  can  be  seen  from  Fig.  2. 

Absolutely  necessary  for  the  function  of  all  electronic  equipment  integrated  in  the 
system  is  internal  EMC.  The  necessity  to  manage  the  other  problems  like  external  EMC  and 
lightning  protection  (and  partly  electrostatic  effects),  depends  on  the  probability  of  an 
aircraft  coming  into  a  dangerous  situation,  in  relation  to  the  above  problems.  It  is 
therefore  a  matter  of  safety  requirements  for  the  whole  system  if  it  has  to  operate  with¬ 
out  any  fault  or  degradation  under  all  possible  circumstances.  A  good  compromise  between 
cost  and  probability  of  a  hazard  must  be  found.  A  special  requirement  is  NEMP-protection. 
The  electromagnetic  effects  resulting  from  the  explosion  of  a  nuclear  bomb  exhibit  a 
serious  threat  to  the  electronic  equipment  of  an  aircraft.  For  all  these  problems  several 
specifications  and  regulations  are  existing  (Fig.  3).  They  may  be  used  by  the  aircraft 
manufacturer  as  a  basis  for  proper  design  and  by  the  customer  as  a  guideline  for  control. 
Most  of  these  documents  have  been  used  successfully  during  many  years  and  they  are 
helpful  today  as  well.  But,  as  later  discussed,  some  details  do  not  pay  regard  to  the  new 
CFRP  aircraft  structures. 

MIL-STDs  461A/462/463  are  well-known  standards  for  EMC  on  equipment  and  subsystem-level. 
Regulations  for  spikes  and  transients  on  power  lines  in  aircraft  are  given  in  MIL-STD 
704A.  MIL-STD  1385  deals  with  EED's  ( Electro-Explosive-Device3 )  in  an  electromagnetic 
environment.  It  represents  the  only  specification  for  the  management  of  "external 
EMC”-problems .  MIL-B-5087B  contains  some  design  principles  for  bonding  and  is  in  our  case 
especially  interesting  for  lightning  protection  and  handling  of  electrostatic  phenomena. 
MIL-E-6051D  is  the  only  existing  system-specification  for  all  electromagnetic  problems 
discussed  in  this  paper.  As  it  is  not  only  applied  on  aircraft  but  also  on  other  weapon 
systems,  it  can  only  be  a  general  guideline  for  the  required  "state  of  the  art"  in  these 
fields.  Detailed  design  criteria  are  shown  in  the  "AFSC-Design  Handbook"  which  has  become 
a  useful  resource  for  proper  management  of  "unwanted  electromagnetic  effects". 

This  summary  contains  only  a  selection  of  papers  which  are  currently  used  in  military 
aircraft  avionics  design.  It  should  be  mentioned  that  the  so  called  "VG-Normen"  are 
prepared  in  Germany  at  the  present  time  and  that  they  become  effective  as  they  are 
edited.  They  are  intended  to  be  more  flexible  and  can  therefore  easier  be  adapted  to  the 
specific  characteristics  of  new  materials  and  techniques. 

To  get  a  better  impression,  how  avionic  systems  in  a  modern  CFRP-aircraft  may  be  exposed 
to  unwanted  electromagnetic  influence,  a  short  overview  shall  be  given  on  the  related 
areas, 

2.  ELECTROMAGENTIC  COMPATIBILITY 

Fig.  4  is  a  "classical"  EMC  picture  and  shows  how  coupling  of  electrical  signals  occurs. 
The  susceptible  electronic  equipment  may  be  influenced  by  conductive  coupling,  if  an 
unwanted  current  runs  the  same  path  as  the  wanted  signal  or  if  the  interfering  voltage  is 
directly  present  at  the  equipment.  Inductive  and  capacitive  coupling  is  mainly  present 
between  cables  and  structure,  while  radiated  coupling  can  happen  between  antennas  and 
cabling  and  any  other  equipment,  if  high  frequency  signals  are  involved.  These  principles 
can  be  adopted  for  all  kind  of  electromagnetic  effects. 


Internal  EMC,  for  example,  (Fiq.  5)  stands  for  unaffected,  simultaneous  operation  of  all 
electrical/electronical  equipment  in  the  aircraft.  The  interaction  problem  between 
non-antenna-equipment  is  mostly  solved  by  the  consequent  observation  of  MIL-STDs  46 1/2 
and  MIL-E-6051D.  More  difficult  to  realize  is  the  requirement  that  radiation  from 
high-power  transmitters  should  not  have  any  influence  on  other  equipment,  as  well  as  no 
electrical/electronical  equipment  should  degrade  the  receiver  performance. 

A  major  role  in  prevention  of  those  hazards  plays  the  shielding  effectiveness  of  the  air¬ 
craft  structure,  as  demonstrated  in  Fig.  6.  Fig  7  shows  measurement  results  for  the 
magnetic  field  shielding  effectiveness  of  aluminium  and  CFRP  material.  For  both 
materials,  attenuation  is  increasing  with  frequency,  while  there  is  no  attenuation 
measured  for  CFRP  material  below  100  kHz.  But  these  theoretical  relations  cannot  be  fully 
transferred  to  an  existing  aircraft  structure,  because  there  are  apertures  and  gaps  in 
the  airframe,  which  set  a  limitation  for  the  shielding  effectiveness,  also  depending  on 
the  frequency.  If  we  assume  some  40  dB  as  a  natural  limitation,  a  region  can  be  seen  in 
the  diagram  where  the  magnetic  shielding  effectiveness  is  fairly  important  for  the 
different  materials.  This  frequency  range  lies  between  0  and  approx.  10  MHz  with  the 
worst  case  around  100  kHz.  It  can  easily  be  seen  that  this  effect  must  have  an  influence 
on  the  requirements  of  the  existing  standards. 

Regarding  the  internal  EMC-problem  again,  the  lack  of  shielding  effectiveness  in  this 
certain  frequency  range  could  generate  worse  conditions  in  a  CFRP  aircraft  for  radiated 
emission  and  radiated  suceptibility  than  in  aluminium  aircraft.  According  to  MIL-STD  462, 
for  example,  all  radiation  tests  for  equipment  must  be  performed  with  the  test  sample  and 
its  cabling  on  a  metallic  ground  plane  (Fig.  8),  which  represents  the  aircraft  structure. 
The  limits  for  electromagnetic  fields,  impinging  on  the  susceptible  equipment  are  related 
to  this  specific  test  set  up.  Fig.  9  shows  the  actual  limits  for  “radiated  susceptibilty 
test  RS03"  according  to  MIL-STD  461  (3).  The  important  frequency  range  is  marked  and  some 
interesting  transmitters  are  shown  which  could  affect  the  electronic  equipment  of  an 
aircraft.  Besides  broadcasting  and  navigational  stations  which  possibly  may  produce  an 
external  EMC-probiem  under  certain  circumstances,  the  often  used  airborne  HF-SSB  transmit¬ 
ter  becomes  important  for  internal  EMC.  The  consequence  is,  that  the  specified  field 
strengths  should  be  increased  'if  a  CFRP-structure  is  provided  for  the  aircraft.  The  value 
depends  on  the  design  of  the  structure,  but  worst  case  requirements  could  be  20  -  30  dB 
higher  than  before. 

Equivalent  problems  arise  in  connection  with  radiated  emissions  (Test  RE  02).  Fig.  10 
shows  the  limit  according  to  the  same  standard.  In  the  critical  frequency  range  there  are 
some  important  navigational  receivers  installed  in  many  aircraft,  probably  also 
short-wave  receivers.  In  relation  to  CFRP-structures ,  a  modification  of  these  limits 
seems  to  ba  necessary.  The  range  is  shown  in  the  diagram. 

Another  problem  arises  when  the  limits  for  “conducted  susceptibility"  are  discussed 
(Fig.  11).  Looking  only  upon  the  mechanism  of  conductive  coupling,  no  provisions  seem  to 
be  necessary  by  using  new  materials.  But  there  is  another,  aecundary  effect  which  is  the 
radiated  coupling  between  antennas  and  electrical  power  leads.  This  could  become 
important  for  internal  EMC  considerations  (e.  g.  in  connection  with  short-wave 
transmitters).  The  same  requirements  may  be  applied  tc  the  'radiated  part"  of  conducted 
emissions  originating  from  any  involved  electrical  equipment.  The  limits  according  to 
MIL-STD  461A  are  shown  in  Fig.  12.  How  much  the  existing  limits  have  to  be  altered,  is 
not  very  easy  to  be  calculated,  because  it  depends  on  the  design  of  cabling  and  cable 
shielding  as  well  as  on  design  of  the  whole  system.  Regarding  "external  EMC"-requi- 
rements,  Fig.  13  shows  the  expected  f ieldstrengths  at  the  surface  of  an  aircraft  in 
relation  to  the  distance  from  external  transmitters. 

There  are  no  regulations  existing  concerning  the  external  EMC-problem  besides  for  EED's. 

By  the  use  of  CFRP  materials  for  aircraft  structures,  this  subject  becomes  more  important 
especially  in  the  lower  frequency  range.  Regarding  the  attenuation  curve  of  the  different 
materials,  provisions  against  this  effect  seem  to  be  necessary.  How  stringent  the  applied 
test  values  should  become,  depends  on  the  degree  of  safety  which  is  required.  In  most 
cases  1 00  -  150  V/m  are  sufficient  for  any  kind  of  air  vehicle,  including  lightweight 
helicopters.  To  test  the  specified  requirements,  intensified  tests  on  system  level  are 
necessary. 

Fig.  14  shows  a  summary  of  new  EMC  requirements  as  a  result  of  this  chapter.  Point  4 
gives  some  advice  how  to  manage  the  new  situation.  The  use  of  twisted  pairs,  for  example 
is  not  completely  new,  but  now  necessary  for  power  leads  as  well.  Some  effort  will  also 
be  necessary  to  introduce  a  good  cable  shield  connection  at  both  ends  of  the  cable.  The 
measures  discussed  above  will  have  a  widespread  influence  on  other  aircraft 
specifications. 

3.  STATIC  ELECTRICITY 

Electrostatic  effects  are  threatening  aircraft  avionics  if  there  is  a  charge  accummula- 
tion  on  the  surface  or  inside  the  aircraft  or  if  a  separation  of  charges  by  external 
fields  or  friction  occurs  (Fig.  15).  The  interference  will  happen  if  the  charges  are  com¬ 
pensated  again  by  a  sudden  or  continous  (sparkling)  current. 

As  seen  from  Fig.  16  the  electromagnetic  noise  produced  by  these  currents  may  reach  the 
receiver  input  via  antennas  and  thus  reduces  the  operational  performance  of  navigation 
arid  communication  equipment.  The  frequency  spectrum  of  "coronas"  and  "streamers"  lies  in 
the  lower  frequency  region.  Therefore  ADF ,  Decca,  OMEGA  and  probably  short  wave  receivers 
will  be  affected.  If  we  remember  the  attenuation  curve  of  aluminum  and  CFRP  material 
there  could  be  an  additional  increase  of  noise  at  the  antenna  input  by  using  composite 
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materials.  The  value  depends  widely  on  the  system's  design  and  the  location  of  the 
antennas  and  the  spark  source. 

Discharges  inside  the  aircraft  can  be  another  interference  source  .  Short  duration  pulses 
are  mainly  dangerous  for  digital  equipment.  But  in  this  case  disadvantages  by  using  com¬ 
posite  materials  seem  to  be  not  significant. 

The  existing  specification  handling  electrostatic  effects  is  MIL-B-5087B  and  MIL-E-6051D, 
The  design  principles  described  herein  should  be  observed  for  metallic  aircraft  as  well 
as  for  aircraft  with  composite  structures  to  prevent  electromagnetic  interference.  In 
addition  test  procedures  for  system  tests  should  be  provided  to  test  the  system's 
performance  under  these  conditions. 

4.  LIGHTNING 

The  lightning  threat  to  aircraft  depends  on  the  probability  of  a  stroke  (Fig.  17)  which 
is  a  function  of  flight  level,  geographical  region  of  the  operation,  type  of  aircraft 
and  other  parameters.  Experience  shows  that  in  average  an  aircraft  is  struck  one  or  two 
times  every  lOthousand  hours  of  operation.  How  dangerous  such  a  stroke  is  depends  on  its 
characteristics,  like  maximum  current,  rise  time,  charge,  action  integral  and  number  of 
successive  pulses.  The  mechanical  destruction  of  lightning  (Fig.  18)  can  be  very 
dangerous  for  an  aircraft.  Nevertheless  "indirect  effects"  of  lightning  may  be  dangerous 
as  well  if  electronic  equipment,  which  is  critical  for  flight  safety,  is  damaged  or 
degraded. 

Following  the  coupling  mechanism  as  described  before,  lightning  can  generate  high  voltage 
and  high  currents  in  electronic  circuits. 

Fig.  19  shows  the  frequency  distribution  of  a  series  of  measured  lightning  spectra  as  a 
summary  of  several  investigations.  It  is  interesting  to  see  that  the  maximum  lies  in  a 
frequency  range  were  CFRP  structures  have  less  shielding  effectiveness  than  conventional 
metallic  airframes.  This  means  that  magnetic  fields  from  a  direct  stroke  are  invading 
without  significant  attenuation  into  the  avionic  compartment.  Similar  effects  may  result 
from  near-by-strokes. 

Fig.  20  shows  the  values  of  magnetic  field  strengths  which  are  present  near  a  lightning 
path  in  relation  to  the  distance.  They  will  be  compared  later-on  with  existing  require¬ 
ments. 

Some  important  statements  of  MIL-B-5087B,  which  is  the  most  representative  specification 
for  lightning  protection  today,  are  listed  in  Fig.  21.  The  table  contains  some 
"mechanical  aspects"  which  mainly  represent  a  guideline  for  aircraft  construction.  The 
document  concludes  that  a  maximum  peak  voltage  on  powerlines  of  about  500  V  may  be 
experienced  (Calculated  from  the  over  all-resistance  of  the  fuselage).  The  document 
defines  also  a  very  simple  lightning  stroke  which  is  only  adequate  for  metallic  aircraft. 
Conductive  composites  are  only  mentioned  as  "problematic  for  bonding". 

But  there  are  also  some  other  documents  available  which  are  helpful  for  lightning  protec¬ 
tion  as  shown  in  Fig.  22. 

MI L-E-605 1 D  for  example  defines  some  general  requirements  for  system  tests.  In  addition, 
values  for  spikes  on  power  lines  are  specified.  But  they  are  much  too  low  for  lightning 
purposes. 

Spikes  according  to  MIL-STD  461/2  are  also  too  low  in  this  context.  MIL-STD  704  (also 
STANAG  3456)  defined  spikes  for  power  lines  which  have  higher  peak  voltage,  but  a  recent 
revision  cut  down  the  requirements. 

The  only  test  for  magnetic  fields  is  described  in  MIL-STD-46 1/2.  Fig.  23  shows  the  test 
set  up  for  test  RS02.  The  magnetic  field  strength  produced  in  this  test-set-up  depends  on 
the  dimensions  of  the  equipment  under  test. 

Fig.  24  shows  the  relationship  between  dimensions  and  field  strength. 

If  we  remember  the  diagram  of  Fig.  20  it  is  easily  to  be  seen  that  the  applied  field 
strengths  are  not  enough  for  safety  against  lightning  strokes. 

Fig.  25  summarizes  the  existing  lightning  protection  requirements.  To  solve  special 
lightning  problems,  SAE-committee  AE4-L  published  a  paper  called  "Lightning  Qualification 
Test  Techniques  for  Aircraft  and  Hardware"  which  shall  become  a  MIL-Standard  and  is 
proposed  as  STANAG  3659AE  by  the  Military  Agency  of  Standardization  (Fig.  26). 

In  this  document  a  new  lightning  stroke  is  specified  for  testing  which  pays  regard  to 
composite  materials.  The  tests  include  also  system  teats  on  the  electrical  effects  of 
lightning  and  electrostatics,  but  only  for  the  complete  vehicle.  No  limits  are  defined 
for  electronical  equipment.  For  these  purposes  additional  test  methods  and  limits  are  to 
be  found. 
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NEMP 


The  last  eletromagnetic  effect  with  which  this  paper  intends  to  deal  with  is  NEMP.  As 
seen  in  Fig.  27  different  characteristics  for  "exoatmospheric"  and  “endoatmospheric"  NEMP 
must  be  assumed. 

The  threat  to  aircraft  seems  to  be  very  similar  to  the  electrical  component  of  lightning. 
But  the  pulse  duration  and  rise  time  is  different. 

Comparing  the  spectra  of  the  exoatmospheric  and  the  endoatmospheric  explosions  (Fig. 
28/29),  the  endoatmospneric  NEMP  seems  to  be  more  dangerous  for  CFRP  aircraft  because  of 
its  low-frequency  distribution.  But  considering  that  other  effects  of  nuclear  weapon  are 
damaging  an  aircraft  as  well,  a  "balanced  protection"  regarding  a'.l  these  effects  will  be 
necessary. 
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This  means  that  field  strengths  of  some  kv/m  are  sufficient  for  the  endoatmospheric 
NEMP. 

In  Germany  the  NEMP  requirements  are  fairly  new.  There  are  no  specifications  available 
besides  the  threat  parameters.  Only  design  guides  could  be  recommended  for  NEMP-  harden¬ 
ing  (Engineering  Design  Handbooks  AMCP  706-335  through  338,  Design  Engineer's  Nuclear 
Effects  Manual  (DENEM),  ( SRD ) ,  DASA  Handbooks  2114-1/2  and  DASA  TREE  Handbook  1420). 
Design  principles  should  base  on  their  consequent  observation.  In  USA  some  other 
classified  regulations  are  in  use,  and  NEMP-tests  are  performed  on  equipment  and  system 
level.  In  Germany  "VG-Normen"  will  bring  some  better  management  of  NEMP  hardening 
problems.  First  drafts  are  expected  at  the  end  of  1980. 

6.  CONCLUSION 

A  summary  of  the  present  situation  on  applicable  documents  for  the  above  mentioned  elec¬ 
tromagnetic  effects  on  avionics  in  CFRP  aircraft  is  given  in  Fig.  30.  For  EMC  more 
stringent  requirements  are  recommended.  New  test  methods  for  system  tests  are  necessary 
especially  for  external  EMC  considerations.  For  the  electrostatic  effects  a  consequent 
observation  of  the  existing  specifications  seems  to  be  adequate.  For  lightning  protection 
the  new  SAE  proposal  could  be  helpful  against  mechanical  destruction  and  partly  against 
electromagnetic  interference.  But  not  all  necessary  aspects  are  handled.  Therefore 
additional  regulations  should  be  worked  out,  even  new  test  methods.  For  NEMP  hardening  no 
adequate  specifications  are  available  .  New  documents  should  pay  regard  to  international 
experience. 

As  demonstrated  above,  a  lot  of  paper-work  has  to  be  done  in  relation  to  CFRP  materials 
in  aircraft,  before  hardware  considerations  are  possible.  But  a  great  deal  of  work  for 
the  different  fields  can  be  done  together  because  problems  are  very  similar  (e.  g.  low 
frequency,  spikes).  Time  and  money  can  be  saved  if  these  activities  are  well  coordinated. 
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ELECTROMAGNETIC  EFFECTS 


EMC  LIGHTNING 


E. -STATIC  NEMP 


Fig.l  Survey  of  important  electromagnetic  problems 


SUBJECT 

SIGNIFICANCE 

EMC 

INT. 

ABSOLUTELY  NECESSARY  FOR  OPERATION 

EXT. 

SAFETY  PROBLEM 

LIGHTNING 

SAFETY  PROBLEM 

E-STATIC 

MAINLY  SAFETY  PROBLEM 

NEMP 

SPECIAL  REQUIREMENT  FOR  MISSION  AND 
OPERATION 

Fig.2  Significance  of  different  electromagnetic  fields 


SPECIFICATION, 

DOCUMENT 

APPLICATION 

MIL-STD-461/ 

462/463 

EMC  OF  EQUIPMENT  AND  SUBSYSTEMS 
(ESPECIALLY  INT.  EMC) 

MIL-STD-704 

IMPORTANT  FOR  SPIKES  AND  TRANSIENTS 

ON  POWER  LINES 

MIL-STD-1 385 

RF-ENVIRONMENT  FOR  SYSTEMS  WiTH 

ELECTRO-EXPLOSIVE-DEVICES 

(EXT.  EMC  RELATED  TO  SAFETY  PROBLEMS) 

MIL-B-5087B 

BONDING  AND  LIGHTNING  PROTECTION  (GENERAL 
RULES  FOR  DESIGN  AND  CONSTRUCTION) 

MIL-E-6051D 

GENERAL  REQUIREMENTS  FOR  THE  DIFFERENT 
ELECTROMAGNETIC  EFFECTS  (DEFINITION 

OF  SAFETY  MARGINS,  ETC.) 

AFSC-DESIGN- 

HANDBOOK 

DESIGN  PRINCIPLES 

Fig.3  Summary  of  mostly  used  documents 
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Fig.4  Coupling  mechanism 
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1.  MORE  STRINGENT  REQUIREMENTS  FOR  EQUIPMENT 

-  RADIATED  SUSCEPTIBILITY 

-  RADIATED  EMISSION 

-  CONDUCTED  SUSCEPTIBILITY 

-  CONDUCTED  EMISSION 

2.  INTENSIFIED  EMC-TESTS  ON  SYSTEM-LEVEL 

ESPECIALLY  EXT.  EMC. 

EXTERNAL  EMC-TESTS  EXTENDED  TO  AVIONICS 

3.  NEW  TEST  METHODS  ARE  NECESSARY 

E.G.  COUPLING  BETWEEN  CABLING  AND  ANTENNA  SYSTEMS 

4.  NEW  PRINCIPLES  FOR  CABLING,  SHIELDING  AND  GROUNDING 
MAY  BE  REQUIRED 

-  “TWISTED  PAIRS” 

-  CAREFUL  CABLE  SHIELD  CONNECTION  AT  BOTH  ENDS 


Fig.  1 4  .Summary  of  now  EMC-requiromciits 


E 


AIRCRAFT 

STRUCTURE 


SEPARATION  OF  CHARGE 
BY  EXTERNAL  FIELDS 
(E.G.  IN  THUNDERSTORMS) 


CHARGE  GENERATION  BY 

-  SURFACE  FRICTION 

-  EXHAUST  OF  ELECTRICALLY 
CHARGED  PARTICLES 

-  MOTION  OF  PLASTICS 
ETC 


Fig.  I  b  Electrostatic  phenomena 
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1.  INTERFERENCE  IN  NAVIGATION-  AND  COMMUNICATION 
EQUIPMENT  VIA  ANTENNAS 

-  CORONA-EFFECT 

-  SURFACE-STREAMERS 

IMPORTANT  ESPECIALLY  FOR  LOW  FREQUENCY  SYSTEMS 
(ADF,  DECCA  ETC.) 


2.  INTERFERENCE  CAUSED  BY  DISCHARGES  INSIDE  THE  SYSTEM 

SHORT  DURATION  PULSES  OF  HIGH  AMPLITUDE  AND  SHORT  RISE 
TIME. 

EFFECTS  ON 

-  ELECTRIC/ELECTRONIC  (DIGITAL  EQUIPMENT!!!) 

-  EED-CIRCUITS 


Fig.  1 6  Effects  of  E-static  discharges 


DEPENDS  ON 

-  PROBABILITY  OF  STROKES 

(FLIGHT  LEVEL,  TYPE  OF  AIRCRAFT,  GEOGRAPHICAL  REGION  ETC.) 
CA  1-2  TIMES  PER  10000  HOURS  OF  OPERATION 

-  CHARACTERISTICS  OF  LIGHTNING  STROKE 

(MAXIMUM  CURRENT  RISE  TIME,  CHARGE,  ACTION-INTEGRAL, 
NUMBER  OF  PULSES) 


Fig.  1 7  Threat  to  aircraft  caused  by  lightning  strokes 


1.  “MECHANICAL”  EFFECTS 

(CAUSED  BY  THERMAL  AND  MAGNETIC  FORCES) 

-  DAMAGE  OF  STRUCTURE 

-  DAMAGE  OF  EXTREMITIES  LIKE  RADOM,  POSITION  LIGHTS,  ETC. 

-  MELTING  OF  TACKLE  LINES 

-  ETC. 


2.  ELECTRICAL  EFFECTS 

-  CONDUCTIVE  COUPLING  CAUSED  BY  CURRENTS  ON  THE  STRUCTURE 

-  HIGH  MAGNETIC  FIELDS  INSIDE  THE  AIRCRAFT 
(CAUSED  BY  DIRECT  AND  NEAR- BY-STROKES) 

-  HIGH  VOLTAGE  SPIKES  ON  POWER-  AND  SIGNAL  LINES 


Fig,  1 8  Effects  of  lightning 
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“MECHANICAL” 

ASPECTS 

REQUIREMENTS  FOR  EXTERNAL  PARTS  OF 

THE  AIRCRAFT 

-  SELECTIONS  OF  MATERIAL 

-  THICKNESS  OF  MATERIAL 

-  RESISTANCE  BETWEEN  PARTS  OF  FUSELAGE 

“ELECTRICAL” 

ASPECTS 

REQUIREMENTS  FOR  “OVER-ALL-RESISTANCE” 
OF  THE  FUSELAGE 

-  VOLTAGE  DROP  OF  MAX.  500  V 

PERMISSIBLE 

-  ±  500  V  SPIKES  ON  POWER  LINES 

OTHER 

VERY  SIMPLE  LIGHTNING  PARAMETERS 
(200  KA;  20piS  (50%);  100  kA/juS) 

Fig.2 1  Important  statements  of  MIL-B-5087B 


DOCUMENT 

CONTENT 

MIL-E-6051D 

-  GENERAL  REQUIREMENTS  FOR  SYSTEM  TESTS 

-  SPIKES  +  50%  AND  - 150%  OF  LINE 

VOLTAGE  (E.G.  +  42  AND  - 14  V  FOR 

28  V  LINE) 

DURATION:  <  50  juS,  OR  SEE  OTHER 
REQUIREMENTS 

APPLICABLE  ONLY  ON  POWER  LINES 

MIL-STD  461  /2/3 

-  SPIKES  ACCORDING  TEST  CS06 
(2  x  LINE  VOLTAGE) 

APPLICABLE  ONLY  ON  POWER  LINES 

-  MAGNETIC  FIELD  ACCORDING  TEST  RS01 

LIMITS  TOO  LOW  FOR  LIGHTNING 

MIL-STD  704 
(Stanag  3456) 

-  SPIKES  ±  600  V  ON  POWER  LINES,  TRANSIENTS 
HAD  BEEN  COMPATIBLE  WITH  MIL-B5087B 
LATER:  REQUIREMENTS  OF  MIL-E6051D 

IN  FORCE 

Fig.22  Comparison  of  other  MIL-requirements 


EXISTING 

REQUIREMENTS 

REMARKS 

“MECHANICAL”  ASPECTS 

MIL-B-5087B 

NOT  ADEQUATE  TO 
CFRP-AIRCRAFT; 

SAE  PROPOSAL  NOT 
IN  FORCE 

ELECTRICAL 

ASPECTS 

FOR 

EQUIPMENT 

MAGNETIC 

FIELD 

MIL-STD  461  /2/3 

NOT  ADEQUATE 

SPIKES  ON 
POWER  LINES 

Mi  L-STD  461/2/3 
MIL-t-6051 

NOT  ADEQUATE 

SPIKES  ON 
SIGNAL  LINES 

NO  DOCUMENT 

NO  REQUIREMENTS 

ELECTRICAL 

ASPECTS 

FOR  SYSTEM 

MIL-B-5087B 
ONLY  SOME 
DESIGN 
GUIDELINES 

NOT  ADEQUATE 

Fig.25  Summary  of  lightning  protection  requirements 


“MECHANICAL 

EFFECTS” 

-  STRIKE  AND  RESTRIKE  DEFINED 
(ADEQUATE  LIGHTNING  STROKE 

FOR  CFRP  STRUCTURES) 

“ELECTRICAL 

EFFECTS” 

i 

-  APPLICABLE  ON  EXTERNALLY 
MOUNTED  HARDWARE 

-  ONLY  SYSTEM-TEST! 

-  NOT  APPLICABLE  FOR  AVIONIC 
EQUIPMENT  TESTS 

Fig.26  Important  statements  of  SAE-AE4-proposaI 
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A)  EXOATMOSPHERIC  PULSE 

AMPLITUDE:  CA.  50  KV/M 

RISE  TIME:  SOME  NANOSEC 

P.-WIDTH:  0.5  MICROSEC 

PULSE  IS  PRESENT  IN  A  WIDE-SPACED  AREA; 

ALMOST  NO  OTHER  WEAPON  EFFECTS 


B)  ENDOATMOSPHERIC  PULSE 

AMPLITUDE:  DEPENDS  ON  DISTANCE 
RISE  TIME:  SOME  NANOSEC 
P.-WIDTH:  SOME  100  MICROSEC 

ALL  OTHER  WEAPON  EFFECTS  ARE  PRESENT  DEPENDING 
ON  DISTANCE  IN  DIFFERENT  RATIOS. 

IF  “BALANCED  PROTECTION”  FOR  AIRCRAFT: 

NEMP  SOME  KV/M 

Fig.27  NEMP-threat  to  aircraft 
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Fig.29  Typical  spectrum  of  endoatm.  NEMP 
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SUMMARY 

The  types  of  joint  investigated  in  this  work  included  dry  compression  joints,  bolted 
Joints  and  adhesively  bonded  structures.  Their  electrical  properties  were  evaluated  from 
dc  up  to  50  MHz,  as  well  as  certain  specific  higher  frequencies.  A  variety  of  pretreat¬ 
ments  and  assembly  methods  were  investigated.  All  the  joints  as  initially  produced  to 
current  aircraft  practice  had  too  high  an  impedance  for  the  electrical  requirements  of  an 
airframe.  Various  methods  of  reducing  the  joint  impedance  have  been  proposed  and  subjec¬ 
ted  to  electrical  and  environmental  tests.  It  is  now  possible  to  produce  electrically 
'invisible'  bolted  joints  and  adhesive  joints  with  much  improved  conductivity.  It  has 
been  found  possible  to  permanently  alter  the  joint  impedance  by  the  passage  of  a  current 
through  the  joint.  This  effect  has  been  investigated  and  a  possible  mechanism  of  this 
effect  suggested. 

The  investigation  of  the  possible  production  of  radio  frequency  intermodulation  products 
at  joints  have  been  carried  out,  but  few  intermodulation  products  have  been  found  from 
any  of  the  joints  examined  other  than  butt  joints  made  with  exposed  carbon  fibres  in  the 
joint . 

1 .  INTRODUCTION 

1.1.  DC  and  low  Frequencies 

If  carbon  fibre  composites  (CFC)  are  to  be  used  in  aircraft  then  joints  of  some  form  will 
be  inevitable,  be  they  between  CFC  and  CFC  or  CFC  and  metal.  These  joints  represent 
discontinuities  in  the  structure,  and  designers  need  to  know  the  effect  of  these  discon¬ 
tinuities  on  the  overall  material  properties.  Much  work  has  been  reported  on  the  struct¬ 
ural  aspects  of  Joints  and  bonds  but  to  date  only  a  limited  amount  of  published  informa¬ 
tion  is  available  on  the  effects  of  joints  and  bonds  on  the  electrical  properties  of  the 
airframe.  Ideally,  we  would  prefer  electrically  invisible  joints  in  a  superconducting 
material  at  all  frequencies  from  d.c.  to  many  GHz. 

At  first  glance,  CFC  is  electrically  not  a  very  promising  material,  consisting  of  moder¬ 
ately  conducting  carbon  fibres  in  an  insulating  matrix,  usually  epoxy  resin.  It  might  be 
assumed  that  such  an  arrangement  would  be  highly  anisotropio,  with  conduction  only  in  the 
direction  of  the  fibres,  but  much  work,  both  practical  and  theoretical,  has  shown  that 
provided  that  there  is  sufficient  inter-layer  current  diffusion,  multidirectional  lay-ups 
above  a  few  centimeters  in  size  can  be  regarded  as  being  effectively  isotropic  (1,2). 
These  findings  apply  only  to  the  bulk,  as  the  conditions  near  the  surface  are  somewhat 
different  in  that  there  is  an  epoxy  rich  layer  of  resin  on  the  composite  surface  which 
has  been  squeezed  out  of  the  prepreg  during  curing. 

1.2.  Mechanism  of  RF  Conduction  in  Carbon  Fibre  Composites 

Most  of  the  high-frequency  currents  flowing  in  a  conductor  do  so  at  or  near  the  surface. 
For  this  reason,  the  quality  of  electrical  joints  and  bonds  important  to  DC  and  power 
frequencies  in  an  aircraft  structure  becomes  of  less  concern  as  the  frequency  increases. 
In  a  carbon  fibre  structure,  when  the  bulk  conductivity  may  be  of  the  order  of  500  times 
worse  than  in  aluminium,  the  skin  depth  of  conductivity  at  1MHz  is  of  the  order  of  2mm. 
The  capacitance  between  two  overlapping  or  butting  surfaces  may  be  sufficient  to  ensure 
adequate  RF  conductivity  even  though  the  surfaces  may  be  electrically  insulated  at  DC. 

1.3.  Effects  of  Possible  Conduction  Non-Linearities 

One  postulated  draw-back  to  the  use  of  carbon-fibre  in  areas  where  RF  conductivity  was 
required  was  the  possible  non-linear  effects  of  joints  and  bonds  in  the  material,  or 
indeed  of  non-linear  effects  in  the  material  itself.  Such  non-linear  effects  become 
Important  in  a  compact  structure  such  as  an  aeroplane,  which  carries  a  number  of  radio 
transmitters  capable  of  simultaneous  operation,  whilst  at  the  same  time  operating  receiv¬ 
ing  equipment  from  adjacent  aerials.  If  there  are  any  non-linear  effects  in  the  vicinity 
of  the  aerial  system,  it  is  possible  that  intermodulation  products  of  the  transmitted 
signals  will  combine  to  form  unwanted  signals  at  the  receiver  frequencies,  thus  greatly 
desensitizing  the  receiver.  If  there  are  two  transmitters,  of  frequencies  f^  and  f2, 
then  in  the  presence  of  a  non-linearity  frequencies  f^p  may  be  generated  where 

flp  -  mf1±nf2 

and  m,  n,  are  any  integer,  possibly  large.  The  possibilities  of  interference  occuring  in 
such  a  non-linear  structure  should  therefore  be  considered.  If  either  f^  or  f2  in  the 
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example  above  is  wideband  modulated,  then  the  possibilities  for  generation  of  unwanted 
frequencies  are  greatly  increased. 

2.  EXPERIMENTAL  DETAILS 

2.1.  Materials 

The  CFC  used  in  this  work  was  predominantly  of  two  lay-ups  both  supplied  by  an  aircraft 
manufacturer  and  made  to  their  specifications.  Tne  prepreg  used  was  Ciba-Geigy  Fibredux 
914C  -  XAS-5  and  the  lay-ups  were  a  16  ply,  0°4,  ±45°o,  0°4,  and  a  40  ply  quasi-isotropic 
(90°,  +45°,  0°,  -45°2 ,  0°,  +45°,  90°)e  lay-ups.  The  d.c.  resistivity  of  these  and  other 
CFCs  used  have  been  reported  earlier  (1). 

The  bolts  used  were  5mm  diameter  titanium  alloy  countersunk  or  hexagonal  headed  bolts 
typical  of  those  used  on  current  military  aircraft  although  for  comparison,  aircraft 
quality  steel  or  brass  fasteners  were  used  on  some  joints.  For  the  adhesive  joints,  unless 
otherwise  stated,  Redux  319A  film  adhesive  was  used.  This  1b  a  high  temperature,  aluminium 
filled,  film  adhesive  with  an  Incorporated  nylon  spacing  scrim. 

2.2.  Experimental  Work 

For  accurate  electrical  measurements  of  CFC  or  joint  characterisation,  it  is  essential  that 
the  contact  between  the  CFC  and  the  rest  of  the  measuring  circuit  haB  as  low  a  resistance 
as  possible.  Achieving  this  involves  very  careful  cutting  of  the  composite,  to  ensure  that 
the  epoxy  resin  is  not  smeared  over  the  ends  of  the  carbon  fibres  and  that  the  damage  to 
the  fibres  themselves  is  minimised.  For  a  minimum  contact  resistance,  electrical  contact 
has  to  be  made  to  as  many  of  the  exposed  fibre  ends  as  possible.  In  this  work,  this  was 
achieved  by  electrolessly  plating  the  ends  of  the  composite  with  copper  (3).  This  could 
be  subsequently  thickened  up  by  soft  soldering,  or  by  electroplating.  The  leads  from  the 
measuring  circuit  could  then  be  soldered  directly  onto  the  sample. 

Direct  electroplating  onto  the  composite  could  also  be  used,  but  although  this  has  suffi¬ 
cient  adhesion,  the  electrical  resistance  was  higher  than  the  electrolessly  plated  samples. 
The  resistance  contribution  from  the  electrolessly  plated  contacts  was  calculated  from 
measurements  of  the  resistance  of  different  lengths  of  CFC  and  was  found  to  be  very  much 
smaller  than  the  material  or  joint  resistances,  having  a  contact  resistance,  unit  area  of 
less  than  2  x  10-8nm2  (inversely  proportional  to  contact  area)  or  expressed  as  a  contact 
conductance  per  unit  area,  5  x  10'  mho/m2. 

2.3.  Measurement  Technique 

All  dc  resistance  and  low  frequency  impedance  measurements  were  made  using  a  four  contact 
technique  to  monitor  the  potential  drop  across  the  sample  under  test.  Unless  otherwise 
stated,  the  test  current  used  was  10mA,  80Hz  and  was  measured  via  the  voltage  drop  across 
a  standard  non-inductive  resistor.  Contacts  were  normally  soldered  to  the  ends  of  the 
sample  except  in  the  case  of  potential  mapping  where  sharp  scalpel  blades  were  pushed  into 
the  composite  surface. 

The  effective  series  resistance  (ESR)  and  other  equivalent  circuit  values  were  determined 
using  a  Marconi  Circuit  Magnification  Meter,  type  TF  1245A  and  associated  oscillators  up 
to  frequencies  of  50MHz.  This  was  the  'Q  meter'  method  which  has  been  described  elsewhere 
(4).  At  frequencies  above  50MHz  the  samples  become  electrically  'too  large'  for  realistic 
results  to  be  obtained  by  this  method. 

2.4.  Investigation  of  Non-Linearity  in  Carbon  Fibre  Material 

For  the  reasons  discussed  in  1.3  it  was  required  to  establish  to  what  extent,  if  at  all, 
carbon  fibre  materials  would  contribute  to  the  generation  of  intermodulation  products  (I.P.). 
For  ease  of  experimental  technique  and  interpretation,  a  harmonic  generation  method  was 
used,  illustrated  in  Figure  1.  A  high  power  signal  generator,  whose  output  is  carefully 
filtered  to  remove  all  harmonics,  drives  an  aerial  to  illuminate  the  sample  under  test.  A 
second  aerial,  covering  the  second  and  third  harmonics  of  the  driving  signal,  picks  up  any 
harmonic  signal  on  a  synchronous  receiver.  Due  to  the  sporadic  nature  of  harmonic  returns, 
a  statistical  analysis  is  performed  on  the  sample,  the  results  being  displayed  on  an  HP 
3721A  correlator.  Typical  results  are  shown  in  Figure  2. 

The  majority  of  measurements  have  been  made  with  a  transmitting  frequency  of  430  MHz,  Some 
more  limited  results  have  been  obtained  at  220  MHz  and  1200  MHz.  Samples  measured  have 
included  specimens  of  single  sheets  of  material  of  various  thicknesses,  bonded  assemblies, 
screened  assemblies,  assemblies  bonded  to  metal,  ilame  sprayed  panels  and  various  cut  and 
damaged  specimens,  Measurements  were  token  in  an  anechoic  chamber  for  the  430  MHz  results 
and  out  of  doors  for  the  remaining  frequencies.  Second  and  third  harmonics  were  examined 
in  each  case. 

3.  ELECTRICALLY  ALTERED  JOINT  RESISTANCE 

One  of  the  most  significant  results  found  in  this  work  was  the  fact  that  the  initial  resist¬ 
ance  of  an  'as  made'  Joint  was  not  stable,  but  could  be  altered  by  the  passage  of  an 
electric  cirrent  across  it.  The  effect  was  roughly  proportional  to  the  size  of  the  current 
so  that  after  the  resistance  had  been  changed,  a  subsequent,  larger  current  would  alter  the 
resistance  again,  whereas  a  subsequent,  smaller  one  would  not.  The  effect  seems  to  be 
permnent  and  has  been  seen  with  current  densities  as  low  as  0.01A/m2.  Both  alternating 
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and  direct  currents  produce  this  effect,  but  a.c.  seems  to  be  the  more  'efficient'.  In 
the  majority  of  cases,  the  resistance  of  a  Joint  has  been  lowered,  but  on  two  occasions 
the  resistance  of  a  Joint  increased  due  to  the  passage  of  current. 

This  effect  has  been  seen  on  all  types  of  Joints  examined  in  the  work.  It  was  found  with 
dry  Joints,  held  together  by  external  pressure,  although  not  with  Joints  whose  mating 
surfaces  had  been  abraded,  despite  Joint  temperatures  in  excess  of  210°C.  Bolted  Joints 
with  abraded  mating  surfaces  also  did  not  show  this  effect,  but  although  the  effects  were 
masked  by  the  presence  of  the  electrical  short  circuit  provided  by  the  bolts,  it  could 
still  be  found  on  the  'as  received'  Joint.  Adhesively  bonded  Joints  showed  the  largest 
effects,  with  both  abraded  and  unabraded  mating  surfaces,  in  some  cases  showing  a  Joint 
resistance  change  over  four  orders  of  magnitude. 

Although  potential  mapping  of  the  surface  of  the  joint  showed  no  variation,  the  effect 
seems  to  be  very  localized.  Cutting  a  joint  which  had  shown  a  large  resistance  drop  into 
a  number  of  thin  slices  gave  smaller  Joints  who  resistances  varied  by  a  ratio  of  1:10®. 

It  was  impossible  to  distinguish  any  marks  produced  by  the  passage  of  small  currents 
across  the  joint  but  the  passage  of  large  current  densities(up  to  300,000A/m2)  produced 
burnt  areas  of  free  carbon  fibres,  devoid  of  epoxy  resin  (Figure  3). 

It  was  to  minimise  the  effect  of  this  current  induced  resistance  change  that  all  work, 
except  where  stated  to  the  contrary,  was  carried  out  at  10mA  at  80Hz.  In  addition  an 
electrical  history  of  each  joint  was  kept. 

4 .  DRY  JOINTS 

An  examination  of  the  surface  of  CFC  shows  that  the  epoxy  rich  surface  layer  takes  up  the 
shape  of  either  the  bleed  cloth  or  the  smooth  backing  plate  used  in  manufacture,  (Figure 
4)  and  in  a  plain  lap  joint,  any  electrical  contact  into  the  composite  must  be  through 
this  material.  On  the  smooth,  tool  face  side  of  the  material  there  will  be  many  points 
where  the  carbon  fibres  are  exposed  and  contact  can  be  made,  but  on  the  bleed  cloth  side, 
the  situation  will  be  different.  Figure  5  shows  decorated  CFC  surfaces,  where  using  an 
electrochemical  technique  copper  has  been  deposited  only  where  the  carbon  breaks  through 
the  epoxy  resin.  As  can  easily  be  seen,  the  breakthrough  points  occur  almost  entirely 
at  the  bottom  of  the  'valley'  caused  by  weave  of  the  cloth.  If  two  of  these  surfaces  are 
brought  together,  as  in  a  dry  joint,  then  the  carbon  to  carbon  contact  points  are  at  best 
going  to  be  separated  by  twice  the  "hill”  to  "valley"  distance,  giving  a  separation  in 
this  case  of  ^60^.  Provided  no  loose  fibres  cross  this  gap,  then  the  voltage  required 
to  pass  a  current  is  very  high.  Assuming  the  potential  required  to  discharge  across  dry 
air  at  atmospheric  pressure  to  be  around  3Kv/mm  (5),  this  would  require  a  potential  of 
,vl80V  across  60ym  assuming  clean  contacts.  Experiments  with  dry  joints  held  together 
under  pressure  have  shown  that  for  low  clamping  pressures,  continuous  conduction  does  not 
occur  until  voltages  of  around  200  volts  and  that  with  increasing  pressure  this  voltage 
drops.  When  the  pressure  reaches  ^20  x  10®  N/m2,  conduction  can  be  obtained  at  applied 
potentials  of  less  than  one  volt.  Short,  intermittent  discharges  occur  before  the  onset 
of  continuous  conduction,  presumably  due  to  closer  gaps  between  individual,  misaligned 
fibres  (Figure  6).  As  these  contact  and  take  the  total  current  flow  they  presumably 
overheat  and  burn  out . 

5.  BOLTED  JOINTS 

5.1.  DC  and  Low  Frequency  Properties 

The  layout  of  the  bolted  joints  used  in  this  work  is  shown  in  Figure  7,  the  dimension  of 
the  joint  being  determined  by  the  bolt  separation  and  these  followed  normal  aircraft 
practice.  The  bolt  holes  were  drilled  so  as  to  minimise  the  damage  to  the  side  walls  of 
the  hole.  This  is  very  important  as  badly  drilled  holes  can  give  rise  to  high  and  irregu¬ 
lar  joint  resistance.  Trace  A  in  Figure  8  shows  the  joint  resistance  of  a  CFC/CFC  joint 
in  which  the  holes  have  been  drilled  too  quickly,  giving  a  high  resistance  compared  to 
that  of  trace  B,  a  correctly  drilled  joint. 

Most  of  the  joints  used  in  this  work  were  made  with  countersunk  bolts  as  this  was  thought 
to  give  better  electrical  contact  due  to  the  increased  CFC/metal  interface  area.  However, 
measurements  showed  that  a  hexagonal  headed  bolt  had  a  64%  lower  resistance  (at  dc)  than 
a  countersunk  one.  This  was  thought  to  be  due  to  the  pilot  of  the  countersinking  bit 
damaging  the  surface  of  the  lower  bolt  hole  and  increasing  the  bolt/CFC  resistance. 

Despite  this,  this  work  continued  to  use  this  method  of  countersinking  as  it  was  felt  to 
be  morte  in  line  with  aircraft  practice  than  alternative  methods. 

It  is  also  aircraft  practice  to  'wet'  assemble  joints  using  sealants  and  trace  C  in 
Figure  8  shows  the  effect  of  assembling  a  correctly  drilled  countersunk  Joint  using  a  poly¬ 
sulphide  type  sealant.  It  can  be  seen  that  the  use  of  sealant  has  only  a  limited  effect 
above  a  moderately  high  bolt  tightening  torque. 

The  impedance  values  of  these  joints  remain  at  their  dc  levels  until  frequencies  of  ’a-t).  711Hz 
above  which  they  start  to  fall.  (Figure  9).  Also  shown  on  this  graph  is  the  effective 
series  resistance  (ESR)  of  these  joints  derived  from  the  'Q  meter'  and  these  are  also 
around  the  dc  resistance  values  upto  ■vlOMHz,  above  which  they  start  to  increase. 

These  values  of  Joint  resistance,  even  with  the  correct  hole  drilling,  are  too  large  for 
practical  purposes  and  efforts  have  been  spent  on  reducing  the  joint  resistance.  Potential 
mapping  of  the  joints  was  carried  out  to  try  end  locate  the  source  of  the  resistance  in 
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the  Joint.  Figure  10  shows  a  cross  section  of  a  countersunk  bolted  joint  with  the 
potential  differences  between  the  points  shown  marked  on.  Where  there  are  three  values 
shown,  they  refer  to  the  three  bolts  on  the  sample,  the  first  value  being  the  bolt 
furthest  into  the  plane  of  the  paper.  Although  a  constant  test  current  was  used, 
because  of  the  multiplicity  of  possible  parallel  paths  it  is  not  possible  to  convert  these 
potential  drops  into  resistance  values,  although  the  potential  drops  are  a  reasonable 
indication  of  the  size  and  location  of  these  resistances. 

From  these  tests  and  from  joints  made  with  interleaved  non  conducting  spacers, it  is  evid¬ 
ent  that  the  majority  of  the  current  crosses  the  Joint  via  the  bolts.  In  Figure  10,  it 
is  evident  that  most  of  the  resistance  is  located  in  the  bolt  head/CFC  countersink  inter¬ 
face.  Joints  made  with  steel  or  brass  bolts  do  not  show  the  high  resistance  in  this  area 
and  it  was  assumed  that  it  was  due  to  the  titanium  oxide  film  present  on  the  bolt. 

Removing  this  film  with  a  nitric  acid/hydrof loric  acid  etch  significantly  lowers  the  joint 
resistance  as  can  be  seen  in  Figure  11.  Unfortunately,  the  removal  of  this  anodised  layer 
would  not  be  permitted  in  aircraft  practice,  nor  would  the  use  of  steel  or  brass  bolts1. 

The  nuts  used  to  make  most  of  these  joints  were  hexagonal  headed  cadmium  plated  aircraft 
quality  steel  units.  Conduction  into  the  composite  nearest  to  the  nut  must  be  either  via 
the  bolt  shank  or  through  the  epoxy  resin  under  the  nut  head,  and  a  study  of  the  potential 
differences  in  this  region  suggest  that  most  of  the  conduction  is  via  the  nuts,  Figure  12. 
This  is  despite  the  presence  of  the  epoxy  rich  layer  on  the  surface  of  the  composite. 
Removing  this  layer  and  replacing  the  nut  with  countersunk  steel  nuts  did  not  significantly 
lower  the  resistance  in  this  area. 

Other  attempts  to  lower  the  Joint  resistance  centred  on  the  sides  of  the  bolt  holes. 

Coating  the  insides  of  the  holes  with  a  conductive  coating  should  ensure  that  all  the 
exposedcarbon  fibres  are  placed  in  contact  with  the  bolt  if  the  bolt  makes  contact  with 
any  one  part  of  the  hole.  Several  coating  methods  and  metals  have  been  examined  and 
provided  all  have  the  same  thickness  and  surface  finish,  all  give  essentially  the  Bume 
results.  In  all  cases  the  joint  resistance  was  very  low,  giving  a  practically  invisible 
electrical  joint  (Figure  12).  Any  further  improvements  in  the  joint  conductivity  would 
make  a  negligible  contribution  to  the  overall  conductivity  which  is  dominated  by  the 
properties  of  the  material. 

An  alternative  approach  to  the  reduction  of  joint  resistance  is  the  provision  of  another 
electrical  path  across  the  joint.  The  simplest  way  is  to  abrade  the  mating  surfaces  of 
the  composite  to  give  direct  carbon  to  carbon  contact.  This  considerably  lowers  the 
Joint  resistance  which  is  not  significantly  increased  by  the  use  of  sealant  (Figure  4). 
However,  as  this  method  relies  on  individual  carbon  to  carbon  contact,  the  Joint  resistance 
is  still  too  high.  It  can  be  reduced  still  further  by  coating  the  abraded  surfaces  with 
metal,  which  connects  all  the  exposed  fibres  together.  Coating  the  cut  end  also  provides 
an  alternative  current  path,  oblivating  the  need  for  the  surfaces  to  be  abraded  (Figure 
15). 

5.2.  The  Impedance  of  Bolted  Joints  in  the  Hange  0.1  -  50MHz 

Two  frequency  dependent  properties  of  these  joints  have  been  examined,  their  impedance  and 
their  effective  series  resistance  (ESR).  Although  identical  at  low  frequencies,  these 
could  show  increasing  divergence  at  higher  frequencies. 


The  joint  impedances  tend  to  f all  int«.. three  types  (Figure  16).  These  are  those  impedances 
which  tended  to  fall  as  the  frequency  rose.  These  included  the  untreated,  standard  Joints 
and  those  made  using  sealants,  Figure  9.  The  second  type  of  joints  are  those  whose  imped¬ 
ance  rose  at  the  same  rate  as  the  ESR  and  these  included  abraded  joints  and  those  bolts 
who  had  the  anodized  coating  removed.  The  final  group  were  those  whose  impedance  rose 
faster  then  the  ESR  and  these  included  joints  which  had  been  metal  coated.  In  all  cases, 
the  ESR  was  constant  upto  ,v3-5MHz,  after  which  the  value  rose  steadily. 

6.  ADHESIVELY  BONDED  JOINTS 

6.1.  DC  and  Low  Frequency  Properties 

Due  to  the  thick  layers  of  adhesive  which  are  present  in  bonded  joints  in  addition  to  the 
epoxy  resin  on  the  CFC  surface,  they  are  extremely  sensitive  to  the  effects  of  current 
passage  as  discussed  earlier.  Consequently,  reproducible  results  have  been  difficult  to 
obtain.  It  would  appear  that  for  Joints  made  to  a  similar  design  to  Figure  4,  an  initial 
resistance  (measured  at  1mA  DC)  would  be  in  the  l-2kn  region.  Abrading  the  joint  surface 
prior  to  bonding  lowers  the  resistance  by  about  one  half.  The  passage  of  currents  from 
as  low  as  0.01A/m2  will  alter  this  value  and  resistances  in  the  mft  region  have  been 
obtained  after  passage  of  current  densities  of  upto  700A/m2.  A  change  of  this  magnitude 
is,  however,  accompanied  by  considerable  heating  and  a  rather  acrid  smell’. 


i 


Attempts  to  lower  the  Joint  resistance  of  the  bonded  joints  have  centred  on  reducing  the 
adhesive  resistance.  Although  the  adhesive  used  (Redux  319A)  is  metal  filled  and  has  a 
lower  volume  resistivities  than  other  adhesives,  the  use  of  a  silver  filled  epoxy  adhesive 
lowered  the  resistance  of  a  joint  to  that  comparable  to  a  good  bolted  joint  ('vlOOpfl)  Redux 
319A  has  a  nylon  scrim  incorporated  into  the  film  for  control  of  the  glue  line  thickness. 
When  this  was  replaced  by  metal  gauzes  of  the  same  thickness  the  Joint  resistance  was 
reduced  to  less  than  1%  of  the  joint  as  made  with  nylon  scrim.  There  was  no  effect  of 
the  current  dependent  resistance  in  joints  made  with  metal  scrims.  A  variety  of  conducting 
scrims  were  used  including  stainless  steel  and  carbon  fibres. 
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Conducting  overlays  over  the  Joint  also  reduced  the  joint  resistance  by  providing  alter¬ 
native  current  paths  avoiding  the  high  resistance  adhesive  layer. 

6.2.  The  Impedance  of  Bonded  Joints  in  the  Range  0.1  -  50MHz. 

An  impedance  versus  frequency  plot  is  shown  in  Figure  17  and  is  typical  of  all  the  bonded 
Joints  not  incorporating  a  metal  filler  or  gauze.  The  impedance  Btarts  to  fall  above  0.5MHz 
and  falls  in  a  similar  fashion  to  the  ESR,  The  straight  line  drawn  on  Figure  17  shows  the 
calculated  impedance  drop  for  a  capacitor  of  the  same  size  and  spacing  and  a  dielectric 
constant  of  4. 

7.  INTERMODULATION  PRODUCTS 

In  general,  most  measurements  with  single  sheets  of  material,  or  with  bonded  assemblies,  or 
assemblies  bonded  to  mptal,  gave  negative  results.  Exceptions  were  two  experimental  trim 
tabs,  each  containing  a  metal  hinge  and  from  experience  it  was  considered  that  the  hinge  was 
the  probable  source  of  the  harmonic  radiation.  When  two  cut  edges  were  placed  together 
loosely,  however,  a  strong  third  harmonic  signal  was  observed,  accompanied  by  a  weak  second 
harmonic  signal  (see  Figure  2),  These  signals  are  weaker  than  those  typically  received  from 
a  metallic  assembly.  Results  from  specimens  that  had  been  deliberately  cracked  also  showed 
some  small  amount  of  third  harmonic  generation  present. 

8.  ENVIRONMENTAL  TESTING 

For  any  of  these  improved  joints  to  be  of  practical  value,  they  must  bo  able  to  withstand 
the  wide  variety  of  environmental  conditions  to  which  an  aircraft  is  subjected,  without  any 
degradation  of  their  properties,  Therefore,  a  series  of  environmental  tests  have  been 
proposed  and  the  new  jointing  methods  subjected  to  them. 

The  initial  test  has  been  exposure  to  accelerated  corrosion  conditions,  There  is  no  stan¬ 
dard  test  for  CFC  and  so  the  1000  hour  salt  spray  corrosion  test  has  boon  usod,  as  this 
would  allow  direct  compariuon  with  earlier  work  on  metallic  Joints  (1).  Exposure  of  metal/ 
CFC  couples  to  this  test  showod  that,  with  one  exception,  corrosion  had  started  within  ISO 
hours  and  got  progressively  worse  during  the  duration  of  the  test.  The  exception  to  this 
was  the  silver  coated  samplos  which  showed  no  signs  of  corrosion  at  the  end  of  the  one  thou¬ 
sand  hours. 

Soveral  types  of  bolted  and  bondod  Joints  were  oxposod  to  this  tost,  and  although  all  of  the 
nuts  showed  evidence  of  corrosion,  none  of  the  electrical  properties,  either  at  do  or  at 
higher  frequencies  were  effected  (Figuro  10),  The  adhesively  bonded  samplos  however, 
although  showing  no  visible  signs  of  corrosion,  had  a  dc  resistance  15%  higher  than  the  un¬ 
corroded  specimens,  oven  though  their  high  frequency  properties  remained  the  same. 

The  adhesion  of  the  metal  coating  to  the  CFC  was  tested  by  measuring  the  shear  strength  of 
lap  Joints  made  with  the  coated  samples.  Satisfactory  adhesion  was  obtained  with  electro¬ 
plated  samples,  but  the  flame  sprayed  samples  only  gave  reasonable  adhesion  when  the  surface 
was  heavily  shot  blasted  prior  to  coating  (Figuro  20),  This  rosultod  in  a  degree  of  surface 
roughness  and  damage  to  the  carbon  composite  which  is  unucceptablo  to  the  aircraft  Industry. 

These  adhesion  tests  also  showod  that  the  uso  of  metal  gauzes  in  place  of  the  nylon  scrims 
did  not  lower  the  joint  adhesion  significantly,  and  that  the  passage  of  large  current  densi¬ 
ties  (20kA/m2)  across  an  adhesively  bonded  joint  chars  and  burns  tho  adhesive  in  the  vicin¬ 
ity  of  the  conduction  point  and  may  reduce  the  joint  adhesion,  Figuro  21. 

0.  DISCUSSION 

A  major  feature  of  this  work  is  the  effect  of  the  passage  of  current  on  the  resistance  of 
the  joint.  This  effect  may  have  boon  soon  before,  an  indium-CFC  joint  at  Culham  Lightning 
Studies  Unit  progressively  lowered  its  resistance  with  increasing  current  passage,  but  the 
phenomenon  was  interpreted  at  the  time  as  a  result  of  the  indium  ageing  (6).  Tho  effect 
may  have  serious  consequences  not  only  in  the  EMC  field,  but  also  on  the  structural  integrity 
of  the  joint  and  its  resistance  to  corrosion. 

From  the  evidence  of  the  types  of  joint  where  this  effect  is  found  and  other  work  carried  out 
at  Caswell,  it  seems  that  the  effect  is  associated  with  the  epoxy  rich  surface  layer  and  the 
heat  generated  by  the  passage  of  the  current.  The  passage  of  electric  current  down  an 
individual  fibre  into  the  composite  matrix  can  be  followed  to  the  point  where  the  heat  gener¬ 
ated  by  the  current,  and  presumably  the  current  itself,  is  diffused  into  the  rest  of  the  com¬ 
posite,  by  the  softening  of  the  epoxy  resin  next  to  the  fibre  and  movement  of  the  fibre  it¬ 
self.  In  the  actual  area  of  contact,  where  the  fibre  is  carrying  all  the  current,  the  heat 
was  found  to  be  sufficient  to  remove  the  epoxy  resin  completely,  even  if  the  sample  had  been 
coated  with  electrically  conducting  paint.  Individual  fibres  could  be  made  to  glow  incande- 
scently  for  several  seconds  without  burning  out,  by  the  passage  of  only  small,  mllliamp  size, 
currents.  In  the  composite,  the  only  method  of  dissipating  this  heat  is  conduction  down 
the  fibre  or  by  evaporation  of  the  epoxy  resin  in  the  immediate  vicinity  of  the  heat  source. 
As  a  result  of  this,  there  will  be  an  increased  area  of  exposed  carbon  fibre,  possibly  with 
individual  loose  fibres,  Figure  3.  Subsequent  testing  will  show  a  reduced  resistance.  In 
the  few  cases  of  increased  resistance,  it  is  possible  that  the  'twitching'  of  the  conducting 
fibre  breaks  contact  with  the  mating  face,  or  that  the  local  current  1b  sufficiently  high  to 
burn  out  the  conducting  fibres. 

Such  a  theory,  whilst  explaining  why  the  effect  is  found  only  on  samples  which  have  not  been 
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abraded  (abraded  adhesively  bonded  samples  have  simply  replaced  the  epoxy  rich  layer  with  > 

an  adhesive  layer),  does  not  explain  how  the  effect  occurs  at  very  low  current  densities.  I 

Because  of  the  need  to  locate  the  area  of  conduction,  all  visual  evidence  for  this  effect 
has  been  from  samples  subjected  to  high  current  densities.  Under  these  conditions  high 
current,  low  voltage  arcs  cun  occur  (5),  but  it  is  not  clear  what  happens  at  the  very  low 
current  region  which  has  insufficient  energy  for  sparking.  Initial  contact  may  be  due  to 
local  high  potential  gradients  caused  by  close  proximity  of  Ioobo  fibre  ends,  or  by  direct 
contact,  but  more  work  is  needed  in  this  area. 

Whatever  the  cause  of  this  effect,  it  has  serious  consequences  in  other  areas.  The  removal 
of  the  plastic  matrix  from  the  fibres  will  lower  their  ability  to  transmit  stresses  within 
the  matrix  and  may  cause  localized  failure.  There  1b  some  evidence  (Figure  21)  that  the 
passage  of  the  current  will  destroy  an  area  of  adhesive  in  a  bonded  joint.  Although  the 
strength  drop  seen  in  this  work  was  severe,  it  is  thought  that  due  to  the  small  size  of  the 
sample  that  it  was  not  a  representative  result,  as  the  size  of  the  burnt  out  area  of  adhe¬ 
sive  would  tend  to  remain  the  same,  irrespective  of  the  size  of  the  joint. 

There  has  been  a  tendency  to  assume  that  bonded  aluminlum/CFC  joints  would  be  safe  from 
galvanic  corrosion  due  to  the  insulating  effect  of  the  resin  and  the  adhesive.  If  however, 
passage  of  a  current  through  the  joint  results  in  a  permanent  low  resistance  path  through 
the  adhesive,  then  very  rapid  galvanic  corrosion  can  occur.  This  is  potentially  the  more 
serious  problem  as  one  way  to  prevent  this  effect  occurring  is  to  provide  an  electrically 
conducting  path  across  the  joint.  This  would  prevent  the  structural  damage,  but  would 
accelerate  the  corrosion  of  any  incompatible  metals  present. 

An  improved  electrical  connection  will  be  needed  even  for  bolted  joints  as  the  resistance  of 
a  joint  assembled  without  any  special  pretreatment  is  still  too  high  to  be  satisfactory. 

A  bolted  Joint  should  have  a  fairly  low  resistance  as  it  is  provided  with  a  solid  metal 
shorting  path  across  the  interface.  However,  due  to  structural  constraints  as  to  the 
strength,  weight  and  corrosion  resistance  of  the  joint,  the  shorting  path  1b  usually  made 
from  titanium  or  its  alloys.  The  oxide  film  present  on  the  titanium  cause  a  high  Joint 
resistance  and  removal  of  this  oxide  (Figure  9),  or  replacement  of  the  titanium  with  some 
metal  with  a  less  rosistant  oxide  would  considerably  lower  the  joint  resistance,  but  1b  not 
practical  due  to  the  above  mentioned  constraints. 

Thu  actual  path  taken  by  the  current  through  a  bolted  joint  is  by  no  means  clear.  It  might 
bo  thought  that  all  the  current  would  cross  the  joint  line  by  means  of  the  bolt,  but  the 
existence  of  a  current  modified  resistance  effect  in  bolted  joints  shows  that  there  is  still 
sufficient  "driving  force"  to  create  now  current  paths  independent  of  the  bolts.  The  con¬ 
striction  seems  to  bo  the  interface  between  the  carbon  fibre  composite  and  the  metal,  be 
it  of  the  shank  or  the  head,  The  effect  of  oversized  bolt  holes  (Figure  8)  would  suggest 
the  main  conduction  path  was  via  the  bolt  shaft,  but  the  attempt  to  bypass  this  interface 
by  providing  countersunk  nuts  and  bolt  heads  with  increased  CFC/metal  interface  area,  gave 
improvements  of  only  limited  value  (Figure  10).  This  would  seem  to  imply  that  conduction 
also  occurs  via  the  underside  of  the  hexagonal  headed  bolt  and  that  this  conduction  is 
almost  as  good  as  that  obtained  by  the  countersunk  bolt  against  the  exposed  carbon  fibre v 
of  tho  countersink,  The  reason  for  this  may  bo  that  the  pressure  generated  under  the  nut 
und  bolt  head  is  high  enough  to  damage  the  epoxy  layer  sufficiently  to  obtain  a  low  resist¬ 
ance  path  through  it.  In  the  case  of  dry,  compression  joints  the  load  necessary  to  obtain 
this  condition  was  <v20  x  lO^N/m2.  Duo  to  tho  uncertainties  of  the  friction,  and  the 
prosonce  of  relative  motion  and  other  factors,  it  was  not  possible  to  calculate  the  exact 
pressuro  beneath  the  nut  and  bolt  head  of  samples  used  in  this  work.  However,  from  publi¬ 
shed  information  (7)  und  rough  calculations  it  appears  that  it  is  entirely  feasible  that  the 
stress  of  20  x  10eN/m2  mtty  b0  roachod  by  a  bolt  tightening  torquo  of  2Nm,  thus  allowing  a 
rolutivoly  low  resistance  path  from  tho  nut  or  bolt  head  into  tho  composite.  This  low 
resistance  path  formed  at  ^Nm  would  thon  explain  the  shape  of  tho  torque/resistance  curves 
seen  with  boltod  Joints  (Figure  8). 

It  seems  likely  that  both  the  CFC/metal  conduction  paths  are  operating  at  the  same  time,  but 
the  exact  balance  of  the  current  routes  will  depend  on  a  number  of  factors,  such  as  surface 
preparation,  the  stuto  of  tho  oxide  layer  etc..  Slight  variations  in  those  factors  could 
altor  tho  balance  and  significantly  alter  the  overall  Joint  resistance. 

Attempts  to  improve  the  conduction  of  a  bolted  joints  have  used  two  approaches.  One,  to 
increase  the  numbers  of  contacts  available  and  two,  to  improve  the  contact  between  the  two 
sides  of  the  Joint  or  between  the  composite  and  the|  bolt.  The  first  has  been  achieved  by 
either  abrading  the  surface  so  as  to  expose  many  cat  bon  fibres,  or  to  plate  the  carbon  fibre 
surface  so  as  to  connect  together  all  the  exposed  fibres.  Thus  contact  to  one  is  equivalent 
to  contacting  all  tho  fibres  and  the  current  is  therefore  more  readily,  quickly  and  uniform¬ 
ly  conducted  into  the  body  of  the  composite,  Some  methods  such  as  coating  the  insides  of 
bolt  holes, use  both  approachesas  the  plating  contacts  all  the  exposed  fibres  in  the  hole  and 
at  the  same  time  constricts  the  hole,  making  more  intimate  contact  with  the  bolt.  UBlng 
these  approaches,  it  has  been  possible,  depending  on  the  method  and  materials  used,  to 
produce  ideal,  electrically  'invisible'  bolted  Joints. 

Their  electrical  properties  at  higher  frequencies  depend  on  the  pretreatment  the  Joints  have 
received.  The  bolted  joints  which  had  no  pretreatment,  and  those  which  were  wet  assembled 
had  impedances  which  fell  below  the  E.S.R..  In  all  these  cases,  there  was  a  layer  of  epoxy 
or  polysulphide  type  sealant  between  the  two  faces  of  the  joint  and  it  seems  likely  that 
despite  the  presence  of  an  electrical  short  via  the  bolts,  the  sample  is  reacting  as  a  cap¬ 
acitor  with  a  low  parallel  resistance  path.  Samples  which  had  been  abraded  and  had  no 
sealant  between  their  faces  had  many  direct  carbon  to  carbon  contacts  and  so  any  capacitance 
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the  Joint  may  have  had  was  masked  by  the  resistance  of  these  contacts.  The  impedance  of 
these  Joints  was  the  same  as  the  GSR..  The  third  type,  which  comprised  of  the  samples  with 
metal  coated  bolt  holes  rose  faster  than  the  GSR.  This  may  have  been  due  to  a  resonance 
effect  caused  by  the  inductance  of  the  metal  'tubes'  or  it  may  simply  be  due  to  the  induct¬ 
ance  of  the  system  being  detected  at  the  much  lower  resistance  levels  found  in  these  Joints. 

Because  of  the  thick  layer  of  resin  and  adhesive  between  the  faces  of  an  adhesive  bond  it 
is  especially  sensitive  to  the  current  dependent  resistance  effect,  and  it  is  difficult  to 
determine  what  the  normal  conductive  state  of  this  Joint  would  be.  As  the  main  adhesive 
used  for  this  work  is  a  high  temperature  adhesive  and  is  loaded  with  aluminium  powder,  the 
normal  conduction  may  be  by  a  percolation  effect.  The  passage  of  current  must  modify  this, 
possibly  by  carbonization  of  the  resin  between  the  aluminium  particles.  There  is  certainly 
evidence  of  intense  localized  heating  following  the  passage  of  a  large  current  through  these 
Joints  and  it  could  be  assumed  that  the  same  effect  occurs,  on  a  smaller  scale,  with  lower 
current  densities. 

To  obtain  electrically  conducting  adhesive  bonds,  a  conducting  path  through  the  adhesive 
must  be  made.  Loading  the  adhesive  with  silver  greatly  improved  the  conduction,  but  only 
when  the  epoxy  rich  surface  layer  was  removed,  This  was  true  of  all  the  adhesive  bonds,  as 
it  appears  that  the  number  of  contacts  through  the  surface  layer  of  epoxy  is  a  limiting 
factor  in  improving  the  Joint  conduction,  and  for  an  'improved'  Joint  the  surface  layer 
must  be  removed.  This  is  not  such  a  serious  problem  as  might  be  thought  a3  adhesive  bonds 
tend  to  be  made  with  abraded  CFC  surfaces,  The  use  of  silver  loaded  adhesive  is  a  problem 
however,  and  not  only  from  cost  and  weight  aBpectB,  as  the  amount  of  metal  which  needs  to 
be  added  to  the  adhesive  to  ensure  conductivity  is  such  as  to  seriously  reduce  the  strength 
of  the  adhesive.  The  provision  of  metallic  conducting  paths  via  the  use  of  metal  gauzes 
does  not  reduce  the  bond  strength,  but  does  not  produce  as  low  a  bond  resistance  as  the 
silver  loaded  adhesive.  However,  further  work  with  different  materials,  size  and  weave 
may  improve  this. 

The  behaviour  at  high  frequencies  of  the  bonds  made  with  metal  gauzes  and  the  abraded  and 
silver  filled  adhesive  was  similar  to  those  of  bolted  Joints,  and  would  suggest  the  presence 
of  many,  essentially  resistive,  parallel  paths  across  the  Joint,  The  behaviour  of  the 
other  bonded  Joints  however  is  not  so  easily  explained,  as  what  appears  to  be  a  capacit&tive 
drop  occurs  at  an  order  of  magnitude  too  low  a  frequency.  This  may  be  a  size  effect,  or 
some  change  in  the  electrical  properties  of  the  adhesive.  One  interesting  fact  which  may 
or  may  not  be  significant  iri  that  the  upturn  in  the  GSR  above  30MHz  (Figure  17)  occurs  at 
the  point  at  which  the  curve  would  have  intersected  the  ESR  curve  for  a  bolted  joint  if 
they  were  plotted  together.  This  may  be  a  coincidence  or  may  possibly  be  a  consequence 
of  the  size  of  the  samples.  When  all  the  GSR's  of  the  joints  made  to  this  size  of  sample 
are  plotted  on  the  same  graph  (Figure  22),  their  values  of  40-50MHz  tend  to  lie  in  the 
region  0.5-1,50,  irrespective  of  their  initial  values  which  ranged  from  25m0  to  500.  This 
may  bo  due  to  the  measurement  system  used  but  later  results  in  this  work  show  that  the 
construction  of  the  Joint  tends  to  become  electrically  unimportant  at  RF  frequencies  and 
this  may  be  the  first  indication  of  that. 

Whilst  it  may  not  be  too  important  how  a  joint  is  made  at  high  frequencies,  it  is  still 
necessary  to  improve  the ' as  made'  Joint  conduction  at  dc  and  lower  frequencies.  It  is 
possible  to  construct  electrically  perfect  joints,  but  these  are  not  galvanically  compati¬ 
ble,  nor  are  they  easy  to  make  on  a  production  basiB.  Improved  jointing  methods  which  are 
both  compatible  with  carbon  fibre  composite  and  capable  of  being  used  on  a  real  engineering 
basis  have  been  produced.  These  are  electrically  considerably  better  than  the  untreated 
Joints  but  go  only  partway  to  perfection.  More  work  is  needed  to  combine  the  desirable 
properties  of  both  methods  of  fastening. 

It  should  be  noted  that  the  type  of  joints  examined  here  represent  the  simplest  types  of 
joint  and  composite  and  in  practice  the  joints  will  be  much  more  complex.  The  composites 
could  be  combined  with  non-conaucting  composites  such  as  glass  or  Kevlar,  either  as  inter¬ 
layers  or  as  surface  faceB .  The  composite  could  incorporate  honeycombs,  or  be  foam  or 
metal  filled  and  the  jointing  mothod  may  be  used  in  combination  with  other  fastening 
methods.  In  such  caBeB  the  electrical  aspects  of  each  material  and  Joint  will  have  to  be 
considered  individually  until  a  sufficient  body  of  information  is  built  up  to  enable  design 
rules  to  be  established. 

10.  CONCLUSIONS 

1)  i.s  initially  made,  joints  in  carbon  fibre  composites  are  not  good  electrically  at 
dc  and  low  frequencies. 

2)  Bolted  JointB  can  be  made  electrically  transparent  with  suitable  pretreatment,  but 
such  pretreatments  are  not  environmentally  stable,  giving  rise  to  galvanic  couples 
with  the  carbon.  It  may  be  possible  to  use  some  of  these  jointing  methods  if  a 
suitable  form  of  protection  can  be  found,  possibly  the  use  of  sealants. 

3)  Adhesive  Joints  can  also  be  improved  electrically,  but  not  to  the  same  extent  as 
bolted  Joints. 

4)  The  resistance  of  joints  which  contain  a  layer  of  epoxy  resin  or  adhesive  between 
the  mating  surfaces  can  be  altered  by  the  passage  of  an  electric  current  through 
the  joint.  This  effect  has  repercussions  in  the  corrosion  resistance  and  structural 
integrity  of  the  joint. 
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The  method  used  to  construct  the  joint  tends  to  be  of  less  significance  at  higher 
frequencies . 


5) 


6)  It  appears  from  the  limited  results  available  that  carbon  fibre  materials,  in  bulk, 

or  rigidly  bonded  or  screwed  assemblies,  show  no  detectable  harmonic  generation, 
and  hence  no  I.P,  generation.  They  may  well  be  better  than  aluminium  in  this 
respect.  However,  bare  cut  edges,  if  touching,  may  set  up  considerable  third  harm¬ 
onic  radiation.  This  could  occur,  for  example,  if  a  hatch  cover  vibrated  against 
its  mounting.  It  would  appear  desirable,  therefore,  that  cut  edges  be  suitably 
treated. 
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Figure  4  Scanning  electron  micrograph  of  carbon  fibre 

composite  showing  (a)  impression  of  tool  face  lx  100) 
(b)  impression  of  bleed  cloth  1x^8) 


Figure  5  Scanning  electron  micrograph  of  carbon  fibre 

composite  showing  impression  of  the  bleed  cloth. 
Where  the  carbon  fibres  break  through  the 
surface  they  have  been  decorated  with  copper 
nodules  (a)  x  1001  b)  x  1,100 
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Figure  U  The  effect  of  bolt  tightening  torque  on  the 
joint  resistance 
A  Correctly  drilled  holes 
0  As  A,  but  with  mating  surfaces  abraded 
C  AsB,  but  wet  assembled  with  poly-sulphide 
type  sealant 


11  7mCl 


Z  and  ESR  in  n 


Frequency  MHz 


Figure  17  High  frequency  properties  of  bonded  joints 


0,1  1  10 


MHz  - 

Figure  18  High  frequency  properties  of  modified 
CFC  bonded  joints 


Time  in  weeks 


Figure  19 


DC  joint  resistance  of  samples  during 
corrosion  test 


Adhesive  bond 


10  ■  Silver  loaded  \ 
adhesion  bond  not  \ 
abraded  ' 

Bolted  as  received^"^ 
oversized  holes  \ 


Boiled  as  received 
with  sealant  ' 
Boiled  ns  m-Hved  _ 


S/'/wsr  loaded  adhesion 
abraded  - - 


.  Bolted  abraded  and 
sealant 


Bolted  Cu 
plated  holep?>^ 

Bolted  abraded  surface 


Frequency  MHz 

Figure  22  The  F.  SR  of  some  of  the  CFC  joints  made 
during  this  work 
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SUMMARY 

With  some  exceptions,  UK  work  on  the  electrical  properties  of  carbon  fibre  composites  is 
regarded  as  part  of  an  overall  programme  on  electromagnetic  effects  (EMC,  EMP,  lightning, 
etc) .  The  relationship  of  the  CFC  work  to  the  remainder  of  the  programme  is  discussed, 
and  the  principal  investigations  outlined  and  reviewed.  One  particular  package  -  shield¬ 
ing  measurements  at  RAE  on  a  cockpit  section  manufactured  by  British  Aerospace,  Warton  - 
is  described  in  detail;  for  information  on  the  remainder  of  the  programme  references  are 
made  to  AGARD  and  other  papers.  It  is  shown  that  the  major  areas  of  concern  are  the  bond¬ 
ing  and  jointing  of  the  material  and  its  characteristics  at  HF  and  below.  This  latter 
topic  has  an  impact  on  shielding  (including  EMP  and  lightning  sources)  and  aerial 
installation.  Finally,  the  use  which  will  be  made  of  the  information  from  these 
programmes  is  discussed. 


1  INTRODUCTION 

UK  work  on  the  electromagnetic  properties  of  carbon  fibre  composites  is  generally  regarded 
as  part  of  an  overall  programme  on  electromagnetic  effects  (EMC,  EMP,  lightning,  etc). 

The  principal  exceptions  are  where  the  work  is  concerned  with  the  performance  of  CFC  as  an 
aerial  counterpoise  and  the  question  of  whether  a  CFC  structure  can  be  used  as  a  power 
earth  return.  Nonetheless,  these  aspects  are  usually  considered  along  with  the  purely  EMC 
topics  and  much  of  the  work  that  is  done  is  directly  applicable  to  them. 

The  UK  electromagnetic  effects  programme  is  described  elsewhere  (Thomson,  J.M.,  1979).  It 
is  loosely  split  into  packages  investigating  the  souroes  of  electromagnetic  interference, 
its  propagation  through  the  fuselage,  and  its  coupling  into  the  wiring  of  susceptible 
systems;  further  packages  cover  research  into  equipment  and  aircraft  specifications,  and 
'design  for  compatibility*.  Overall,  the  purpose  of  the  programme  is  to  ensure  that 
adequate  information  is  available  for  aircraft  and  flight  weapons  systems  projects  to 
allow  a  quantitative  clearance  for  introduction  to  service  to  be  formulated,  particularly 
where  flight  safety  or  mission  success  critical  systems  are  concerned. 

The  MOD (PE)*  programme  on  the  electromagnetic  properties  of  CFC  is  therefore  not  an  end 
in  itself  but  part  of  a  wider  electromagnetic  effects  programme.  In  particular,  CFC  has 
an  impact  in  two  of  the  packages: 

(i)  how  electromagnetic  energy  propagates  through  the  fuselage; 

(ii)  how  airframe  design  is  affected  in  the  quest  for  compatibility. 

The  work  on  aerial  installation  and  power  system  returns  is  closely  allied  to  these  two 
topics.  The  UK  programme  as  a  whole  is  outlined  in  section  2. 

From  an  electrical  point  of  view  composites  for  use  in  aircraft  are  basically  of  two 
types.  Those  that  are  electrically  non-conducting,  such  as  glass  fibre  reinforced  plastic, 
behave  essentially  as  'open  windows'  (except  that  they  can  accumulate  electrostatic  charge) 
and  may  be  treated  accordingly.  Moreover,  only  a  small  proportion  of  the  total  surface  is 
likely  to  be  constructed  from  such  materials,  although  the  special  case  of  helicopters 
needs  to  be  borne  in  mind.  On  the  other  hand,  carbon  fibre  composites  are  electrical  con¬ 
ductors,  although  poor  ones  compared  to  metal,  and  the  trend  is  towards  constructing  quite 
a  high  proportion  of  the  structure,  particularly  the  surface,  from  such  material.  This 
paper  deals  entirely  with  the  properties  of  CFC,  but  it  should  not  be  overlooked  that  there 
are  hybrid  composites  under  development,  containing  both  carbon  and  glass  fibres  for 
example,  and  these  will  have  even  lower  electrical  conductivity. 

The  principal  characteristics  likely  to  make  CFC  different  from  aluminium  alloy  are: 

(i)  it  has  high  resistivity  (about  25-150  mO  m  compared  with  0.052  ul)  m  for 
aluminium  alloy) j 

(ii)  it  has  high  surface  resistivity,  making  it  difficult  to  achieve  good 
electrical  contact  at  joints; 

(iii)  it  is  not  homogeneous,  consisting  of  fibres  embedded  in  plastic  and  not 
necessarily  in  continuous  contact  along  their  length; 


*  MOD (PE):  Ministry  of  Defence  (Procurement  Executive). 
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Table  1 

THE  UK  MOO  PROGRAMME  ON  THE  ELECTROMAGNETIC  PROPERTIES  OF  COMPOSITES 


Date 

started 

Performing 

organisation 

Work  item 

Comments 

1970 

RAE  Materials  Dept 

Resistivity  measurements. 

Part  of  Materials 
RID  programme 

1970 

ERA 

Direct  damage  lightning  effects  using 
high  voltage  facility. 

Work  completed 

1973 

Salford  University 

Resistivity  measurements. 

Part  of  Materials 
RID  programme 

1977 

CLSU 

Lightning  effects,  direct  and  indirect 
(including  resistivity  and  shielding 
measurements) . 

Work  completed. 

PV  work  also 
undertaken 

1977 

RAE  Radio  and 
Navigation  Dept 

Resistivity  measurements,  dc*—  900  MHz; 
ground  plane  efficiency  measurements  at 
UHF. 

Work  completed 

1977 

ERA 

Basic  properties  (resistivity,  etc)  at  dc 
and  rf;  shielding  effectiveness;  aerial 
performance;  environmental  effeots  (water, 
salt  water,  fueln,  etc);  work  on  large 
structure. 

Work  continuing 

1978 

Plessey  Caswell 

Electrical  impedance  of  CFC  and  CFC/metal 
joints  at  dc  and  rf;  methods  of  improving 
joints;  some  environmental  effeots. 

Work  continuing. 

PV  work  also 
undertaken 

1978 

RAE 

(in  collaboration 
with  BAe  Warton 
and  MRL) 

Work  on  CFC  cockpit  section,  including! 

(i)  Engineering  Physios  -  shielding 

Dept  effectiveness 

(ii)  Radio  and  Navigation  -aerial 

Dept  performance 

Work  completed 

1978 

MRL 

Mathematical  model  of  multi-layer  CFC  to 
predict  rf  impedance  and  shielding 
effectiveness. 

Work  continuing 

1978 

Plessey 

South  Leigh 

Non-linear  effects  (harmonic  generation 
and  intermodulation  products) . 

Work  continuing 

NB;  The  UK  aerospace  industry  hat  also  undertaken  or  sponsored  work,  particularly  at 
BAe  Warton  (resistivity  measurements,  system  studies,  electrostatic  charging, 
lightning  effects)  and  WHL  Yeovil  (shielding  effectiveness) . 


Legend i 
BAe 
CLSU 
ERA 
MRL 

Plessey  Caswell 

Plessey  South  Leigh 

PV 

RAE 

WHL 


British  Aerospace 

UKAEA  Culham  Laboratory  Lightning  Studies  Unit 

ERA  Technology  Ltd  (formerly  Electrical  Research  Association) 

Marconi  Research  Laboratory,  Great  Baddow 

Plessey  Research  (Caswell)  Ltd,  Allen  Clark  Research  Centre 

Plessey  Electronic  Systems  Research  Ltd,  South  Leigh 

Private  venture 

Royal  Airaralt  Establishment 

Westland  Helicopters  Ltd 
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(iv)  it  is  not  isotropic;  that  is,  if  a  shast  is  mads  with  all  fibras  aligned 
assantially  parallel  than  tha  affaotiva  rasistivity  parpandioular  to  the 
fibra  diraction  is  muah  greater  (about  500  tines)  than  that  along  tha 
fibras. 

2  DEVELOPMENT  AND  SUMMARY  OF  RESEARCH  AND  MEASUREMENT  PROGRAMMES 

Table  1  lists  the  principal  past  and  currant  MOD (PE)  programmes  on  the  electromagnetic 
properties  of  composite  materials.  As  noted  at  the  foot  of  the  Table  soma  of  the  MOD(PE) 
contractors  havs  also  undertaken  private  venture  work  for  outside  agencies,  and  some  of 
the  UX  aircraft  firms  have  also  undertaken  or  sponsored  R  « D  work  in  this  area. 

The  work  has  been  sponsored  by  both  the  electrical  and  the  materials/structures  branches 
of  MOD (PE) .  In  the  earlier  days  when  RAE  Materials  Department  were  pioneering  the 
development  of  CFC  its  electrical  properties  were  among  the  factors  that  allowed  an 
insight  into  the  characteristics  and  performance  of  the  material.  This  was  the  basic 
reason  for  the  work  at  RAE  in  1970  and  Salford  University  in  1973.  Similarly,  the 
vulnerability  of  the  material  to  lightning  strike  needed  to  be  assessed,  so  simulated 
lightning  tests  on  various  composite  panels  were  made  at  ERA  in  1970-1974  to  assess 
superficial  damage,  loss  of  strength,  and  the  effectiveness  of  possible  protective 
aoatings  (Phillips,  L.N.,  and  White,  E.L.,  1975).  Further  work  to  investigate  damage 
mechanisms  in  more  detail  and  to  include  indirect  effects  (induced  voltages  in  electrioal 
systems)  was  initiated  at  CL8U  in  1977  (Little,  P.F.,  1980). 

On  the  other  hand,  the  electrioal  branahes  of  MOD (PE)  have  only  begun  to  spensor  work  on 
aomposites  in  the  last  few  years.  Apart  from  the  work  at  CLSU,  in  whiah  there  has  always 
been  a  strong  intsrest,  tha  two  main  planks  of  the  programme  have  been  the  work  at  ERA, 
starting  in  1977,  and  at  Plesssy  Caswell,  starting  in  1978. 

The  ERA  package  inaludes  work  on  the  basia  electrical  properties  of  tha  material,  its 
shielding  effectiveness,  its  performance  as  an  aerial  counterpoise,  and  its  performance 
whan  incorporated  in  a  large  structure  (Bull,  D.A.,  Jackson,  G.A.,  and  Smithera,  B.W., 

1980;  Bull,  D.A.,  and  Jaakson,  G.A.,  1980;  Smithers,  B.W.,  1980).  The  Plesssy  Caswell 
package  includes  work  on  the  electrical  aspects  of  tha  bonding  and  jointing  of  CFC,  both 
to  CFC  and  to  metal  (Brettle,  J.,  and  Baskarville,  M.W.,  1979;  Brattle,  J.,  Lodge,  K.J., 
and  Watson,  A.W.D.,  1980).  Also  in  this  period  resistivity  measurements  were  made  on  CFC 
samples,  and  its  performance  as  an  aerial  lounterpoise  at  UHF  was  assessed  (Bagley,  G., 
1977) . 

Simultaneously  with  the  developing  MOD (PE)  interest  the  electrical  design  and 
development  teams  in  the  JK  aircraft,  industry  also  became  concerned  about  the  possible 
impact  of  the  use  of  CFC  in  future  aircraft  projects.  Following  informal  discussions 
the  aircraft  industry  and  MOD(PE)  met  In  August  1977  and  agreed  that  research  into  the 
subjeat  be  encouraged.  This  reinforc  A  the  case  for  work  already  being  undertaken,  or 
being  considered,  at  RAE,  CLSU,  ERA  and  Plessey  Caswell,  and  also  showed  the  need  for 
further  studies  in  areas  not  covered  by  the  main  programmes.  Accordingly,  MRL  were 
asked  to  develop  a  mathematical  model  of  CFC  to  predict  its  rf  impedance  and  shielding 
effectiveness  (Brewster,  D.C.,  1980),  and  Plessey  South  Leigh  were  asked  to  investigate 
whether  non-linear  effeats  would  occur  either  in  the  material  itsfclf  or  in  joints 
(Brattle,  J.,  Lodge,  K.J.,  and  Watson,  A.W.D.,  1980).  In  addition  BAe  Warton  made 
available  a  CFC  cockpit  section  for  electrical  work;  after  soma  discussion,  it  was 
agreed  that  it  would  be  most  useful  to  carry  out  some  experiments  on  it  in  a  joint 
MOD (PE) /aircraft  industry/avionios  industry  programme,  to  allow  all  parties  to  acquire 
some  knowledge  of  the  performance  of  the  material.  This  work  was  done  at  RAE  and  is 
reported  in  section  3. 

In  addition  to  the  hOD(PE)  programme,  the  UK  aircraft  industry  has  also  undertaken  or 
sponsored  work  on  the  subject  (Smith,  K.,  and  Barton,  0.,  1980).  However,  close 
liaison  has  been  maintained  between  all  parties  throughout  the  programme  and  collabora¬ 
tion  has  generally  been  extremely  good;  this  is  facilitated  by  an  advisory  croup  which 
meets  twice-yearly. 

Thus  in  1980,  a  co-ordinated  UK  programme  has  been  in  existence  for  more  than  2  years, 
results  are  beginning  to  appear,  their  implications  assessed,  and  future  developments 
planned.  These  aspects  are  covered  in  sections  4  and  5, 

3  JOINT  MOD (PE) /AIRCRAFT  INDUSTRY/AVIONICS  INDUSTRY  WORK  ON  AN  EXPERIMENTAL 
COCKPIT  SECTION 

One  interesting  example  of  collaboration  was  the  RAE/BAe  Varton/MRL  exercise  on  a  closed 
compartment  forming  part  of  a  CFC  cockpit  section.  This  had  been  built  as  a  structural 
demonstrator  and  was  made  available  by  BAe  Warton.  Measurements  were  made  of  its  shield¬ 
ing  effectiveness  and  its  performance  as  an  aerial  ground  plane;  the  formrr  are  reported 
here. 

The  cockpit  section  is  shown  in  Figure  1;  its  dimensions  are  approximately  2.25m  x  lm  x 
1  m.  Also  shown  is  a  replica  in  20  gauge  aluminium.  This  was  built  because  it  was 
recognised  at  the  outset  that  results  from  the  CFC  section  in  isolation  would  not  have 
much  meaning  and  that  most  value  would  come  from  results  comparing  the  performances  of  CFC 
and  conventional  construction.  The  aluminium  replica  was  built  in  RAE,  with  the  bonding 
being  in  accordance  with  current  practices  at  BAe  Warton. 


10-4 


It  was  also  acknowledged  that  the  shape  of  the  specimen  could  reduce  the  absolute,  if  not 
the  relative,  value  of  the  resultsi  without  nose,  rear  fuselage  and  wings,  the  cockpit 
section  alone  would  not  exhibit  the  resonanoe  characteristics  of  a  typical  aircraft 
structure  when  illuminated  by  an  external  field.  It  also  became  apparent,  from  experience 
at  other  Bites,  that  perhaps  the  more  major  differences  arise  not  when  complete  substitu¬ 
tion  of  CPC  for  metal  is  made  but  when  sections  of  a  metal  fuselage  are  replaced  by  CPC: 
this  is  because  the  skin  current  distribution  is  substantially  altered  with  a  metal/CPC 
mixture. 

Despite  these  limitations  the  work  still  had  the  valuable  objective  of  obtaining  a  first¬ 
hand  general  idea  of  the  performance  of  the  material  in  a  complete  structure;  it  led  to 
the  development  of  the  instrumentation  necessary  for  suoh  measurements,  and  to  the  trans¬ 
fer  of  RAE  experience  and  expertise  to  the  firms  involved. 

The  measurements  were  made  in  the  RAE  shielded  room  facilities;  it  had  been  hoped  to  make 
open  site  measurements  but  low  measuring  sensitivity  coupled  with  restrictions  on  the 
amount  of  power  allowed  to  be  broadcast  prevented  this.  Certain  instrumentation  had  to 
be  developed  for  the  work;  this  included  small  electric  and  magnetic  field  probes,  a 
preamplifier  for  the  small  HP  signals  that  were  being  measured  inside  the  structures,  and 
a  fibre-optic  link  to  connect  the  probes  and  the  measuring  set.  Examples  of  the  field 
probes  arc  shown  in  Figure  2;  from  left  to  right  are  a  three-axis  electric  field  probe 
(about  100  or  200  MHz  to  1  GHz  depending  on  signal  strength),  a  three-axis  magnetic  field 
probe  (1-150  MHz) ,  and  a  three-axis  eldctric  field  probe  (1-100  MHz) .  The  fibre-optic 
link  was  developed  for  use  with  the  100MHz  to  1GHz  electric  field  probe  to  make:  the 
signals  measured  in  this  range  immune  to  pick-up t  at  the  transmit  end  the  rf  is  converted 
to  do  which  controls  the  frequency  of  an  audio  oscillator;  an  audio  signal  is  than  trans¬ 
mitted  down  the  fibre-optic  link  and  at  the  receive  end  a  frequency  counter  displays  a 
reading  proportional  to  the  original  field  strength. 

The  work  as  a  whole,  including  instrumentation,  is  being  reported  (Carter,  N.J.,  and 
Hobbs,  R.A.,  1980).  Figures  3  and  4  show  typical  results;  Figure  3  is  the  magnetic 
field  attenuation  over  the  range  1-160  MHz  with  the  incident  propagation  vector  perpen¬ 
dicular  to  the  fuselage  axis,  and  Figure  4  is  the  electric  field  attenuation  over  the 
range  1.5  MHz  to  12  GHz  with  propagation  directed  along  the  fuselage  axis.  In  both  oases 
comparison  with  the  aluminium  replica  is  shown.  In  general  the  results,  subject  to  the 
provisos  mentioned  earlier,  do  not  differ  much  from  those  of  other  UK  workers,  in  that 
significant  differences  between  aluminium  and  CPC  ocaur  only  in  the  HF  band,  for  magnetic 
field  shielding.  It  is  also  interesting  to  note  that  a  reasonably  close  scrutiny  of  the 
results  shows  tentatively  that  the  frequencies  of  some  of  the  resonances  can  be  linked  to 
the  structure's  dimensions  -  those  at  33.25,  66.5  and  133  MHz  in  Figure  3  corresponding 
to  a  length  of  2.25  m. 


Table  2 

PRELIMINARY  ASSESSMENT  OF  THE  ELECTROMAGNETIC  IMPACT  OP  CARBON  FIBRE  COMPOSITES 


Minor  problem  areas 


1  Direct  damage  lightning  effects 

2  Non-linear  effects  in  airframes  (har¬ 
monic  and  intermodulation  product 
generation) 

3  Aerial  installation  at  VHF  and  above 

4  Power  supply  'earth  returns 

5  Shielding  at  VHF  and  above 


Major  problem  areas 


CFC  properties  at  HF  and  below  lead  to 
penetration  through  the  material  of 
energy  from  on-board  and  external 
sources,  EMP  and  lightning;  they  also 
cause  difficulty  in  HF  aerial 
installation. 


Bonding  and  jointing;  without  adequate 
electrical  design  there  can  be  pene¬ 
tration  of  energy  through  joints  and 
difficulties  with  HF  installations. 


4  PROVISIONAL  CONCLUSIONS  FROM  THE  PROGRAMME 

The  essential  electrical  difference  between  CFC  and  conventional  metals  used  in  air¬ 
frames  is  its  resistivity  and  rf  impedance.  At  dc  the  resistivity  of  a  wide  range  of  CPC 
samples  ranges  from  25-150  ufl  m  compared  to  0.052  tin  m  for  a  typical  aluminium  alloy  used 
in  aircraft  construction,  a  ratio  of  about  1000.  In  addition  the  resistance/frequency 
characteristic  is  of  the  same  general  form  as  that  for  homogeneous  material,  in  that  it 
appears  to  exhibit  a  skin  effect,  although  there  are  some  variations  which  have  yet  to  be 
explained.  The  influence  of  these  factors  on  the  specification,  design,  construction  and 
operation  of  aircraft  (or  weapons)  with  CFC  in  their  structures  has  not  yet  been  examined 
in  detail. 

Table  2  is  a  preliminary  assessment  of  the  electromagnetic  impact  of  carbon  fibre  compo¬ 
sites.  The  essential  message  from  this  Table  is  that  the  major  problem  areas  will  arise 
because  of  the  characteristics  of  the  material  at  HF  and  below;  above  this  frequency  range 
there  is  little  difference  An  the  electromagnetic  effects  of  CFC  and  aluminium.  These 
findings  are  true  for  more  or  less  all  the  lay-ups  examined. 
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It  appears  that  direct  damage  lightning  effects  are  not  serious,  though  attention  should 
be  paid  to  structures  containing  a  metal  honeycomb  and  to  adhesive  joints.  Electrical 
non-linearities  have  not  been  found  in  the  material  itself,  but  further  work  is  in  hand  to 
investigate  the  behaviour  of  joints;  in  any  event  the  effects  of  the  generation  of  har¬ 
monics  or  intermodulation  products  at  such  a  source  would  be  restricted  to  the  possible 
degradation  of  radio  receiver  performance.  Aerial  installation  at  VHP  and  above  is  not 
seen  as  a  problem;  work  at  RAE  has  demonstrated  that  the  performance  of  the  matorial  as  a 
ground  plane  at  these  frequencies  is  virtually  indistinguishable  from  aluminium  alloy. 
Although  it  will  not  be  possible  to  use  CFC  for  a  power  earth  return,  with  careful  design 
even  with  extensive  use  of  composites  the  associated  weight  penalty  may  only  be  a  few  tens 
of  kilograms,  particularly  if  certain  longitudinal  structural  members  are  retained  in 
aluminium  alloy.  The  shielding  properties  of  the  material  itself  may  be  different  at  VHP 
and  above  -  not  necessarily  worse  -  but  this  will  be  due  to  the  factor  mentioned  in 
section  3,  that  the  pattern  of  surface  current  distribution,  and  hence  penetration,  is 
changed.  Some  limited  work  on  aircraft  incorporating  composite  panels  tends  to  confirm 
this  opinion.  In  any  case,  even  in  metal  aircraft  it  is  not  wise  to  place  reliance  on 
the  shielding  afforded  by  the  fuselage  for  the  protection  of  sensitive  electrical  and 
electronic  systems. 

The  characteristics  of  the  material,  and  its  differences  from  aluminium  alloys,  at  HF  and 
below  are  that  its  impedance  is  much  higher  and  that  it  offers  much  less  shielding  to 
magnetic  fields.  These  differences  are  important  for  several  reasons.  Firstly,  in  the 
EMC  of  aircraft  systems,  on-board  HF  installations  cause  considerable  problems  in  conven¬ 
tional  metal  aircraft,  so  it  is  likely  that  there  will  be  even  more  penetration  of  HF 
energy  through  CFC  skins.  This  also  applies  when  the  aircraft  is  exposed  to  an  external 
transmitter.  Similarly,  induced  voltage  lightning  effects  are  likely  to  be  more  severe 
for  the  same  reasons,  as  the  typical  lightning  current  has  significant  content  at  these 
frequencies.  The  frequency  spectrum  of  EMP  includes  these  frequencies,  though  it  also 
extends  higher  into  the  VHF  and  UHF  regions.  Accordingly,  it  is  possible  that  electro¬ 
magnetic  interference  susceptibility  specifications  for  electrical  and  electronic  systems 
will  need  to  be  made  more  severe  in  the  HF  band.  Furthermore,  when  an  aircraft  HF  trans¬ 
mitter  system  uses  a  notch  aerial,  the  whole  structure  acts  as  a  radiating  element. 

Whether  a  CFC  or  CFC/metal  aircraft  will  be  adequately  efficient  for  this  task  is  still 
being  investigated.  In  total,  the  deficiencies  of  the  material  in  the  HF  band  may  be 
serious  enough  to  affect  the  requirements  and  specification  (airframe  and  equipment)  of 
the  aircraft  as  a  complete  weapon  system.  As  a  palliative,  until  the  advent  of  the  'all- 
composite'  aircraft,  the  rf  interference  problem  may  be  reduced  by  the  judicious  siting 
of  cables  to  take  maximum  advantage  of  the  shielding  offered  by  the  metal  part  of  the 
airframe,  but  in  addition  it  may  be  necessary  to  metallise  the  structure  in  particularly 
critical  areas.  This  remedy  could  also  be  required  for  lightning  protection. 

The  second  major  problem  area  uncovered  by  the  research  programme  is  that  of  bonding  and 
jointing.  Time  and  again  the  report  has  been  that  the  limiting  factor  in  the  electrical 
performance  is  not  the  material  itself  but  the  joint.  This  obviously  applies  to  use  of 
the  airframe  to  carry  current  from  power  (dc  and  rf)  and  lightning  sources,  to  its  use 
as  an  aerial  ground  plane,  particularly  at  HF,  and  to  the  limitation  of  non-linear  effects. 
More  insidiously,  an  imperfect  joint  allows  electromagnetic  energy  to  penetrate  the  air¬ 
frame  and  hence  increase  the  likelihood  of  EMI  susceptibility  problems.  However,  the 
indications,  particularly  from  the  ERA  and  Plessey  Caswell  work,  are  that  with  careful 
attention  to  design  and  fabrication  these  difficulties  can  be  overcome,  and  the  impedance 
of  the  joint  can  be  made  comparable  to  or  less  than  that  of  the  material.  Nevertheless, 
this  is  a  highly  important  area  where  the  materials  and  structures  engineers  must  be 
made  aware  of  the  design  measures  necessary  to  meet  this  objective.  It  seems  possible 
that  in  a  year  or  so  realistic  and  proven  designs  meeting  electrical  requirements  can 
be  recommended. 

These  two  problem  areas  -  properties  at  HF,  and  bonding  and  jointing  -  obviously  come 
together  on  many  occasions,  and  indicate  where  the  major  effects  on  the  EMC  of  the  complete 
aircraft  weapons  system  will  lie,  and  where  the  most  attention  is  required. 

5  THE  FUTURE  DEVELOPMENT  OF  THE  PROGRAMME 

The  UK  programme  as  presently  constituted  comprises  a  certain  amount  of  work  at  MOD (PE) 
research  establishments  and  in  the  aircraft  industry  together  with  extramural  research 
contracts  with  several  firms.  Thus,  although  it  was  launched  in  a  co-ordinated  manner  and 
with  consideration  of  overall  requirements,  and  whilst  it  has  been  discussed  regularly  at 
an  informal  joint  MOD (PE) /Industry  advisory  group,  nonetheless  the  principal  outputs  so 
far  are  limited  to  research  reports  from  the  individual  laboratories.  These  by  themselves 
usually  contain  material  that  is  not  always  directly  applicable  by  the  ultimate  customers. 

In  addition  we  are  now  at  a  breakpoint  in  time  where,  having  identified  the  main  problem 
areas  and  initiated  work  to  investigate  them  further,  we  must  ensure  that  the  results  are 
in  a  form  which  provides  maximum,  benefit  to  MOD (PE)  and  Industry.  To  evaluate  the  future 
direction  of  the  programme  it  is  useful  to  consider  the  customers  and  to  identify  their 
particular  needs.  In  addition  to  MOD  these  include  other  government  departments,  organisa¬ 
tions  such  as  the  Civil  Aviation  Authority,  and  the  airframe,  weapons  and  avioniOB 
industries.  With  this  in  mind  it  is  possible  to  construct  a  table  of  organisations  and 
their  expectations  from  the  general  EMC  programme  and  the  particular  topic  of  the  electrical 
properties  of  composites: 


. .  amfr  ..... 


Although  this  Is  a  simple  model,  It  is  nonetheless  useful.  It  shows,  for  example,  that 
if  the  problem  is  to  be  explored  fully  there  should  be  private  venture  investment  from 
industry  and  indicates  where  this  funding  should  be  applied;  most  importantly,  it 
identifies  in  which  areas  the  principal  outputs  of  the  MOD (PE)  programme  should  lie,  and 
consequently  assists  in  determining  its  aims  and  objectives. 

It  is  evident  that  there  are  many  different  expectations  from  the  research  programme, 
and  that  the  research  reports  at  present  being  produced  are  unlikely  to  be  sufficient  to 
satisfy  them  all.  In  particular,  it  is  evident  that  design  information  and  guidance  is  a 
major  requirement,  and  that  the  programme  should  be  structured  to  provide  this.  A  method 
of  doing  this,  which  is  currently  being  debated  within  the  UK,  is  to  channel  the  results 
from  the  research  programme  into  a  hierarchy  of  outputs: 


Research  reports 


Data  book 


Design  and  installation  guides  (non-mandatory) 


Project  specifications  and  design  requirements 


The  first  outputs  are  the  research  reports  presently  produced.  The  second  output  will  be 
a  data  book,  which  will  be  a  first  attempt  at  distilling  the  results  of  the  individual 
programmes  (eg  data  on  resistivity,  bond  impedance,  non-linear  effects,  lightning  effects, 
aerial  performance)  into  one  useful  volume.  The  third  output  is  the  preparation  of  non¬ 
mandatory  design  and  installation  guides;  probably  a  number  will  be  required  dealing,  for 
example,  with  airframe  design,  avionics  installation,  aerial  installation,  etc.  The 
fourth  output  will  be  the  influence  of  composite  structures  in  mandatory  Project  EMC  and 
other  specifications  and  design  requirements. 

Having  this  logical  sequence  of  outputs  means  that  the  individual  research  contractors 
can  see  that  their  work  is  not  merely  an  end  in  itself,  but  that  it  contributes  to  a 
greater  whole;  furthermore,  it  enables  them  to  centre  their  efforts  in  areas  which  are 
ultimately  going  to  be  of  most  benefit  to  all  of  the  potential  customers  for  their  work. 

6  CONCLUDING  REMARKS 

The  UK  MOD (PE)  research  programme  on  the  electromagnetic  properties  of  carbon  fibre  com¬ 
posites  is,  perhaps,  half-way  through  its  life.  Some  preliminary  observations  on  its 
results  can  be  made,  and  useful  information  is  starting  to  be  fed  into  development 
programmes.  Although  two  major  problem  areas  and  some  minor  ones  have  been  identified 
these  are  not  likely  to  be  such  as  to  inhibit  the  use  of  composites  provided  that  there 
is  close  liaison  between  materials,  structures  and  electrical  specialists  to  ensure 
optimum  overall  design,  particularly  as  regards  bonds  and  joints.  Other  features  which 
must  be  kept  to  the  forefront  are  the  increased  weight  of  wiring,  and  cable  screening, 
the  likelihood  of  more  severe  EMC  susceptibility  requirements  in  the  HF  band,  and  the 
possibility  of  metallising  in  critical  areas. 

The  UK  programme  has  focussed  initially  on  composites  intended  for  aircraft  structures; 
work  may  also  be  undertaken  on  composites  for  weapons  structures,  where  these  are 
different.  Additionally,  any  development  of  hybrids  such  as  carbon/glass  composites  must 
also  include  the  evaluation  of  electrical  properties,  which  may  well  be  worse  than  those 
of  carbon  fibre  composites. 

Finally,  some  of  the  outputs  of  the  UK  programme,  particularly  in  the  jointing  area, 
have  already  been  accepted  by  the  mechanical  design  offices  of  the  aircraft  industry  and 
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influenced  their  activities.  Such  liaison  must  continue  if  the  potential  advantages  of 
composites  are  to  be  realised  in  practice. 
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RESUME 

Sous  1  *  Sgide  des  Services  Techniques  Franqais  de  l'ASronau- 
tique,  un  programme  d'essais  en  vol,  destiny  a  ^valuer  les  per¬ 
turbations  Slectromagnfitiques  de  la  foudre,  a  6t6  dljfini  et  mis 
en  oeuvre  d§s  1978. 

Ce  programme  d'essais  est  rfialiaS  pur  le  CEAT,  le  CEV  et 
l'ONERA  t  1 ' avion  utilisg  est  un  TRANSALL  Cl60  de  1'ArmSe  de 
1 ' Air,  comportant  une  instrumentation  approprige  I  la  detection 
des  phinomSnos  associ£s  aux  foudroiements  directs  ou  de  proximi¬ 
ty  ;  le  courant  de  foudre  (composantes  impulsionnelleB  et  conti¬ 
nues),  les  courants  de  peau  en  diff£rents  points  de  la  structure, 
les  champs  yiectromagnytiques  externes  t  ,  internes,  leo  surten- 
sions  sur  divers  Squipements  et  circuits  de  Lord  ;  diff^rents 
capteurs  permettent  de  caractyriser  l'ytat  yiectrique  de  l'avioh 
lors  du  foudroiement  (potential  d'yquilibre,  courant  de  charge 
d'origine  triboyiectrique ,  champ  yiectrique  atmosphyrique  extyrieur) . 

Le  comportement  des  panneaux  de  structure  en  matyriau  com¬ 
posite  vis  a  vis  du  rayonnement  yiectromagnytique  est  particu- 
lieSrement  Studiy  afin  d'en  dyfinir  les  syst^mes  de  protection. 

Apres  diverses  modifications  et  adjonctions  apportyes  a  1' instru¬ 
mentation  utilisye  lors  des  essais  de  1978,  une  nouvelle  campagne 
expyrimentalo  se  dyroulera  en  1980. 


1  -  INTRODUCTION 

L ' y tude  g6nyrale  des  foudroiements  d ' un  aeronef  en  vol  met  en  yvidence  deux  types  de 
problemes  (J.  Flumer,  B.  Burrows,  D.  Clifford,  1978)  i 

-  le  premier  eBt  lie  aux  effets  mycaniques  de  l'impact  de  la  dycharge  sur  la  structu¬ 
re  du  vehicule  (fusion,  dyformation,  explosion,  ...)  ; 

-  le  second  ,  aux  perturbations  concernant  les  equipements  electroniques  embarquys, 
dues  au  rayonnement  electromagny tique  engendre  par  les  decharges. 

Dans  l'ytat  actuel  des  connaissr.nces ,  on  estime  que  les  problSmes  liys  aux  effets 
mycaniques  de  l'impact  aont  bien  cernys  et  que  des  protections  efficaces  seront.  utilisees, 
de  faqon  Bystymatique ,  S  court  terme.  Les  actions  mycaniques  des  dycharges  sur  une  struc¬ 
ture  sont,  en  effet,  provoquyes  par  deB  mecanismes  dont  les  caractyristiques  sont  connues 
et  peuvent  etre  reproduites  en  laboratoire  ,  en  vraie  grandeur.  A  l'inverse,  les  pro¬ 
blemes  posys  par  les  perturbations  yiectromagnytiques  sur  les  yquipementB  yiectroniques 
embarquys  sont  beaucoup  moins  bien  connus  et  font  l'objet  de  nombreuses  ytudes . 

A  cela,  plusieurs  raisons  peuvent  etre  donnies  : 

-  lec  caractyristiques  du  rayonnement  electromagnytique  engendry  par  les  divers  my- 
canismes  d'une  dycharge  atmospherique  (cn  particulier  les  dycharges  inter  et  intra 
nuages )  sont  encore  mal  connues  et  ne  peuvent  done  pas  etre  simuiyes  en  laboratoire 
de  faqon  catisfaisante  ; 

-  les  matyriaux  composites  Bont  de  plus  en  plus  utilisys  dans  la  construction  ayro- 
nautique  .pour  r6aliser  des  parties  de  structure  1  celles-ci  constituent  des  pas¬ 
sages  priviiygiys  de  l'ynergie  yiectromagnytique  si  des  prycautions  particuliyres 
ne  Bont  pas  prices  ; 

-  1 ' utilisation  croiBsante  des  circuits  intygrys  digitaux,  fonctionnant  I  bas  niveau 
et  prysentant  deB  impydances  d'entrye  et  des  bandes  pasBantes  4levyes,  pour  ryali- 
ser  les  yquipements  avioniques  (  irrs't'rumentation  d'aide  a  la  navigation  et  de  radio¬ 
communication,  commandes  yiect.riques,  calculateurs  de  bord,  .  ,.)yo«  traduit  par 
une  plus  grande  susceptibility  des  appareils  aux  rayonnements  parasites. 

L'analyse  des  rysultats  statistin.es  publiys  sur  les  foudroiements  directB  des  ayro- 
nefs  en  vol  montre  que  la  probability  d'impact  ne  cesse  d'augmenter  au  cours  des  annles 
en  raison  de  1 '  accro  i  s  3ement  du  trafic  ayr'.en  qui  impose,  du  moins  pour  les  vyhicules  com- 
merciaux,  des  plans  de  vol  tr§s  stri^E  ;  cette  augmentation  se  traduit,  sur  ctrtaines 
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lignes  europSennes,  par  un  taux  de  foudroiement  pouvant  atteindre  un  (svSnement  pour  moins 
de  1000  heures  de  vol.  Lea  foudroiements  lea  plus  dangereux  ae  produisent  2  baaae  altitude, 
au  moment  dea  phases  d'asoenaion  et  de  descente  des  vShieulea  i  oea  foudroiements,  en 
effet,  se  dSclenohent  entre  un  nuage  et  le  sol  ,  et s 'accompagnent  d'une  onde  de  courant  de 
forte  amplitude  ■  5  variation  tr2s  rapide,  qui  parcourt  la  structure  et  provoque  la  p6n6- 
tration  d'une  finergie  SlectromagnStique  vers  l'int^rieur  du  vShicule. 

Lea  Services  Officials  Franqais  de  1 ' Afironautique  et  lea  oonatruoteura  ont,  depuia 
une  dizaine  d'annSeB,  dfifinis  plusieurs  programmes  d'Jitudea  expSr imentales  en  laboratoire, 
visant  2  la  protection  des  aSronefs  contre  la  foudre.  Ces  gtudea,  baafiea  sur  la  simulation 
des  caraotSr istiquea  des  d^charges  atmosphSriquea  dSterminSes  £  partir  de  mesures  effec- 
tu£es  au  sol,  ont  conduit  2  la  creation  d'un  certain  nombre  de  laboratoires  d'essais  spe¬ 
cialises  notamment  celui  du  CEAT  (Centre  d'Essai^  Afironautique  de  Toulouse)  qui  dispose 
de  moyens  de  simulation  2  haute  energie  pour  etudier  le  comportement  des  structures.  Pour 
lea  raisons  IjvoquSes  pr 6c edemment ,  1' etude  des  mecaniames  de  couplage  de  l'linergie  fi.lec- 
tromagnetique  aveo  lea  Iquipements  avioniques  a  conduit  la  Direction  Technique  des 
Constructions  AeronautiqueB  2  d6fihir  un  programme  d'essais  en  vol  dont  lea  objectifs  2 
court  terme  sont  les  suivants. 

-  la  definition  et  la  mise  au  point  do  moyens  de  mesures,  en  vol,  des  param2tres 
eiectriques  et  filectromagnStiques  associes  aux  decharges  atmospheriques  ; 

-  l'etude  des  conditions  d ' initiation  ou  d ' interception  des  foudroiements  en  vol 
(champ  eieotrique  inducteur,  charge  propre  do  l'avion,  ...)  ; 

-  la  oaractSrisation  des  ondes  de  courant  paroourant  la  structure  du  vehicule  lore 
d'un  foudroiement  direct  ainsi  que  la  determination  de  la  repartition  de  ces  cou- 
ranta  sur  la  peau  de  1'aVion  ; 

-  la  oaracterisation  dos  r&yonnements  6leotromagn6tiques,  engendres  par  les  foudroie- 
mento  directs  et  de  proximitfi.  dans  une  gamme  de  frequences  s'etendant  jusqu'2 

200  MHz  ; 

-  l'etude  du  "durcissement"  des  equipementB  avioniques. 

L'objectif  2  plus  long  terme  est  1  'fitablissement  de  recommandations  et  de  normeB 
pour  proteger  les  fitfuipomorits  contre  leu  foudroiements. 

L'avion  retenu  pour  ces  experimentations  eBt  le  C 1 60  'TRANSALL"  aOl*  do  l'Armee  de 
l'Air,  qui  a  fitfi  muni  de  deux  perches  m6talliques  de  t  metres  de  longy situSaB  2  1  '  avant 

et  2  l'arri2re  du  fuaolage,  pour  looaliser  le  point  d'impact  et  o aracteri ser  l'onde  de 

courant  paroourant'  la  structure  lore  d'un  foudroiement  direct.  Plusieurs  eBsais  pr6limi- 
naires  de  foudroiements en  vol  ont  dte  rdaliues  on  1978  (D.  Call,'  1979)  aveo  la  collabora¬ 
tion  de  l'AIA  (Ateliers  des  Industries  Adronautiquea ) ,  dr  CEV  (Contre  d'Essais  en  Vol),du 
CEAT,  de  Is.  SEFTIM  (Socidtd  d'Etude  et  do  Fabrication  des  Techniques  InduBtrielleu  Modor- 
neu)  et  du  CE3TA  (Centre  d'Etude  Scientifiquo  et  Technique  d ' Acqui tai ne ) . 

Deux  programmes  d'essais  en  vol  similaires  sont  ac tuollement  mends  aux  Etats-Unis 
pari ''Mr  Force  Flight  Dynamics  Laboratory"  sur  un  avion  C130  (K.J.  Maxwell,  1979)  et  par 
le  "NASA  Langley  Research  Center"  sur  un  avion  F106  (F.L.  Pitts,  1979).  D'autres  program¬ 
mes,  visant  plus  particuli?rement  l'dtude  du  comportement  d'un  type  particulier  d'avion 
(Boeing  7 7 )  au  foudroiement  direct,  sont  en  cours  de  preparation  (O.J.  VonBokern,  1976) . 

2  -  CAMFAQHE  DE  FOUDROIEMENTS  EN  VOL  EFFECTUEE  EH  1978 

2.1  -  Cholx  de  l'avion 

Compte-tenu  du  caractSre  tr§B  particulier  de  ces  essais,  l'avion  "TRANSALL  Cl60-A0lt" 
(figure  1)  fut  choisi  pour  les  principales  raisons  suivantes  s 


a)  disponibilitd  de  1 ' appareil , 

b)  sdcuritd  de  l'appareil  :  les  comptes  rendus  consdcutifs  aux  foudroiements  des 
"TRANSALL"  montrent  leur  faible  sensibilitd  2  la  foudre, 

c)  avion  lent  :  170  noeuds  en  conditions  turbulentes  (la  basse  Vitesse  permet  de 
minimiser  les  effets  de  balayage  de  la  foudre), 

d)  avion  dquipd  d'un  rads'-  mdtdorologique , 

e)  avion  cargo  pouvant  em.  irquer  un  cadre  (cage  de  Faraday)  de  grandes  dimensions 
(2mx3,50mx2m). 

Afin  d'assurer  une  sdcuritd  maximale  pendant  les  essais,  des  prdcautions  particuliS- 
res  ont  dtd  prises  : 

-  mdtallisation  de  toute  la  structure  de  l'adronef, 

-  protection  spdeiale  au  niveau  des  bouchons  de  rdservoir  de  carburant, 

-  vdrification  de  la  tenue  mScanique  de  tous  les  fiquipements  mis  en  oeuvre  et, en  par- 
ticulier^ des  peroheB. 

2.2  -  Description  de  1 ' instrumentation  de  mesure 


. 
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Au  sours  ds  cette  campagne  d ' essais,  1 ' instrumentation  comportait  (figure  2)  : 


-  une  premiere  meaure  du  courant  de  foudre  sur  la  perche  avant  et  une  seconds  sur  la 
perohe  arriSre  ; 

-  une  mesure  du  champ  magnetique  en  quatre  points  situSs  3  l'interieur  de  la  struc¬ 
ture  de  l'avion  ; 

-  une  mesure  des  courants  de  peau  &  l'interieur  et  cl  l'ext£rieur  de  la  structure  ; 

-  une  mesure  des  surtenrions  dSveloppfies  sur  une  ligne  test  situ6e  3  l’interieur  du 
fuaelage(ainsi  quo  des  mesures  de  surtensions  sur  le  rfiseau  de  generation  tSlec- 
trique  et  sur  certains  $q.uipements  de  bord. 

L'ensemble  des  moyens  d ' enregiatrement  etait  regroup^  3  l'interieur  du  cadre  blind6 
qui  assurait  une  attenuation  au  champ  eiectromagnetique  parasite  suplrieure  i  50  dB 
jusqu'3  une  frequence  da  100  MHz. 

2.2.1  -  Meg ure_du_courant_ foudre 

bes  courants  de  f oudre . irapac tant  la  perche  avant  et  sortant  par  la  perche  arridre^. 
etaient  mesures  i  l'aide  de  deux  "shunts"  coaxiaux  d'impedanoe  1  mil  ,  ayant  un  temps  de 
reponse  de  80  ns  .  Cheque  "shunt"  etait  place  &  l'interieur  des  perches  de  quatre  metres 
de  long  (figures  1  et  3).  Des  attSnuateurs  insSres  dans  les  lignes  de  transmission,  permet- 
taient  la  mesure  de  courants  jusqu'3  1 6 0  kA.  Da  transmission  des  informations  etait  rea¬ 
lises  par  cable  triaxial  ;  leur  acquisition  etait  effectuee  au  moyen  d'un  magnetoscope 
SONY  type  AV3670  01H  de  2  MHz  de  bande  passante. 

2.2.2  -  Mesure_du_ohamj>_magnetigue 

Le  champ  magnetique  etait  mesure  en  quatre  pointB  5  l'interieur  de  l'avion  :  deux 
capteurs  etaient  places  dans  la  bord  d'attaque  de  chacue  aile  l  deux  autres  sur  le 
fuselage  ,  5  l'interieur  de  la  soute  ,  legSrement  en  avant  du  plan  deB 
helices  et  3  1*5°  de  part  et  d'autre  de  1 ' axe  de  symetrie  de  l'avion.  Les  capteurs  utili¬ 
ses,  du  type  triaxiaux,  avaient  une  coustante  de  temps  T  ■  1  ys.  Les  informations  etaient 
transmises  par  c£ble  bifilaire  torsade  blinde  et  1 'acquisition  etait  effectuee  ,  en  mode 
F.M.,  il  l'aide  d'un  enregistreur  magnetique  Schlumberger  ME  U 0 5 0  de  300  kHz  de  bande 
passante . 

2.2.3  “  Mesure_des_courants_de_geau 

Les  courants  de  peau  etaient  mesures  8  l'aide  de  boucles  de  "MOEBIUS".  Quatre  bou- 
cles  etaient  montees  par  paires,  l'une  5  l'e.xterieur,  l'autre  3  1 '  interieu:.’  du  fuselage, 
legcirement  en  avant  du  plan  des  helices.  Les  modes  de  transmission  et  d ' acquisition  de 
ces  informations  etaient  identiques  3  ceux  des  mesures  precedentes. 

2.2.3  -  Meaure_des_6urtension8_sur_la_ligne_test 

La  ligne  teBt  6tait  constituee  d'un  fil  de  cinq  metres  de  long,  place  a  0,22  m  de 
la  paroi  intdrieure  du  fuselage. 

L'une  des  axtremites  du  cable  etait  reli6e  3  la  masse  de  l'avion  et  la  surtension 
etait  mesuree  aux  homes  d'une  impedance  inseree  entre  l'autre  extremit.e  du  cable  et  la 
masse  de  l'avion.  Le  signal  de  surtension  etait  achemine  par  un  cable  coaxial  vers  un 
magnetoscope  SONY  type  A V  3670  CE  de  2  MHz  de  bande  pasBante,  modifie  en  consequence  pour 
ce  mode  d ' acquisition  de  donnles. 

2.2.5  “  Mssures _des_sur tens  ions _sur_cer tains _|juigements_de_bord 

Outre  les  mesures  de  surtensions  sur  le  reseau  de  generation  eiectrique  de  l'avion, 
divers  equipements  de  bord  avaient  ete  instrumentes  tels  que  :  le  degivrage  d'une  glace 
copilote,  le  r6chauffage  de  l'antenne  anlmometrique ,  l'indicateur  de  debit  carburant,  un 
feu  de  position,  le  radar  meteorologi que ,  un  ricepteur  VHF  et  un  recepteur  V0R.  Des 
chalnes  de  transmission  par  fibre  optique  assuraient  la  transmission  des  signaux  vers  un 
enregistreur  magnetique. 

2.2.6  -  Base_de_temgs 

Une  base  de  temps  etait  distribuee  sur  tous  les  enregiBtreurs  magnetiques  et  permet- 
tait  d'obtenir  une  precision  de  l'ordre  de  la  seconde. 

2.3  -  Princioaux  resultats  obtenus  en  1578 

Durant  la  campagne  d'essais  qui  s'est  derouiee,  au  dessus  du  territoire  franqais 
entre  mai  et  juillet  1978,  sept  vols  correspondent  3  17  heures  de  recherches  de  condi¬ 
tions  orageuses  ont  permis  d '  intereepter  19  foudroiements  dont  13  ont  ete  ienregistres . 

Les  principales  conditions,  relevles  au  moment  des  foudroiements, etaient  les  suivantes  : 

-  altitude  en  vol  :  10  000  <  Z  <  15  000  pieds; 

-  vitesse  de  penetration  dans  les  nuages  :  170  noeuds; 

-  temperature  :  -  5°C  <  0  <  0°CJ 

-  type  de  nuages  :  cumulo-nimbus  isoies  ou  er.  formation; 

-  precipitations  :  en  general, grSle ; 

-  turbulence  :  en  general,  moyenne’, 

-  localisation  du  foudroiement  :  6  la  plripherie  ou  a  l'interieur  (1  3  2  nautiques) 

du  nuage. 
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Ces  essais  ont  permis  : 

-  de  verifier  la  bonne  tenue  mgcanique  de  l'ensemble  de  1 ' appareillage  en  presence 
de  forta  couranta  (160  kA),  ainai  que  l'efficacitg  dea  perches  utiliages  pour  lo- 
caliser  I'impact  et  visualiser  l'effet  balayant  de  la  foudre  ; 

-  de  mettre  en  Evidence,  d'une  part  la  ngcessitg  de  ggngraliser  1 'utilisation  dea 
fibres  optiques  pour  transmettre  lea  signaux  de  mesure  et ,  d'autre  part,  la 
ngcessitg  d' amgliorer  la  fiabilitg  du  materiel  d ' enregiatrement  magngtique  ; 

-  de  determiner  l'ordre  de  grandeur  dea  principalea  caractgristiques  dea  couranta 
parcourant  la  structure  de  l'avion  lore  d'un  impact  sur  la  perche  avant. 

La  figure  4  montre,  I  titre  d'exemple,  une  forme  d'onde  de  courant  enregistrge  sur 
la  perche  avant,  d'amplitude  voisine  de  50  kA  et  correspondent  vraiaemblablement ,  d'aprSa 
lea  observations  de  l'gquipage,  5  un  foudroiement  direct  de  l'avion  entre  nuage  et  boI. 
L'analyse  qualitative  dea  foudroiements ,  observes  en  vol,  met  en  gvidence  l'existence  de 
deux  types  de  dgcharges  :  celles  constitutes  d'une  succession  d'impulaions  brfives,  de 
faible  amplitude  et  d'une  durge  totale  d'environ  10  millisecondes,  et  celles  ne  compor- 
tant  qu'un  nombre  limitg  d' impulsions^ de  forte  amplitude  et  beaucoup  plus  espacSea  dans 
le  temps. 

3  -  PERSPECTIVES  DE  LA  CAMPAONE  D'ESSAIS  I960 

Une  nouvelle  campagne  d'essais,  tirant  partie  dea  enseignements  dc  la  premiere,  ae 
dgroulera,  au  cours  de  l'gtg  1980,  avec  la  participation  de  l'ONERA  (Office  National 
d'Etudes  et  de  Recherches  Agrospatiales ) .  Les  objectifs  supplgmentaires  concernent  notam- 
ment  : 


-  la  caractgrisation  de  l'gtat  glectrique  du  vghicule, 

-  l'gtude  de  la  fonction  de  transfert.du  point  de  vue  glectromagngtique ,  de  divers 
types  de  panneaux  realises  en  mattriaux  composites, 

-  la  visualisation  et  1 ' enregiatrement  cingmatographique  de  1 ’ environnement  nuageux 
(face  5  l'avion),  de  la  perche  avant  et  de  l'gcran  du  radar  mgtgorologique ,  ceci 
afin  de  corrgler  les  foudroiements  airec  la  situation  meteorologique  locale. 

L'ensemble  de  1 ' instrumentation  dtcrite  aux  paragraphes  2.2.1  a  2.2.6  aera  maintenue. 

3.1  -  Caractgrisation  de  l'gtat  glectrique  de  l'avion 

Deux  phtnomSnes  principaux  peuvent  contribuer  Si  l'apparition  de  champs  glectrostati- 
ques  aur  la  structure  d'un  avion  en  vol  :  l'action  du  champ  glectrique  atmosphgrique  am¬ 
bient  et  la  presence  d'une  charge  glectrique  propre  aur  la  structure.  L ' acquisition  de 
cette  charge  propre  peut  etre  due  £  troia  processuB  d ' glectrisation  (J.L.  Boulay,  1979)  : 

-  la  triboglectricitg  (impacts  de  particules  chargges  ou  non), 

-  les  charges  glectriques  evacuees  par  les  propulseurs, 

-  les  dgcharges  partielles  de  type  "couronne",  provoquges  par  un  champ  inducteur  in¬ 
tense  d'origine  atmoaphgr ique . 

En  fonction  dea  configurations  de  vol,  l'un  ou  l'autre  de  ces  phgnomSnes  peut  etre 
preponderant  mais  dans  le  cas  ggngral,  l'gtat  glectrique  du  vghicule  rosulte  de  la  super¬ 
position  des  deux  etats  precedents. 

On  peut  montrer  (P.  Laroche,  1980)  que  1 ' implantation  de  capteurs  en  quatre  points 
de  meaure,  j udic ieusement  choisis  sur  la  structure,  permet  de  determiner  la  charge  propre 
acquise  par  l'avion  (ou  son  potentiel)  ainsi  que  les  trois  composantes  du  champ  inducteur 
ambiant . 

3.1.1  -  Me8ure_du_gotentiel_eiectri jue_de_l^avion 

La  meaure  des  composantes  du  champ  glectrique  atmosphgrique  inducteur  et  du  potentid 
de  l'avion  est  effectuge  a  l'aide  de  quatre  capteurs,  du  type  moulina  4  champ,  dgveloppgs 
par  l'ONERA  (P. Laroche,  1980). 

Ces  capteurs  sont  disposgs  dans  des  zones  non  soumises  au  courant  d'origine  tribo- 
glectrique  et  sont  rgpartis  sur  la  structure  de  fa?on  a  ce  que  chacun  des  capteurs  soit 
dgcouplg  au  mieux  par  rapport  a  deux  composantes  du  champ  extgrieur.  Les  points  d'implan- 
tation  retenus  sur  l'avion  "TRANSALL"  sont  indiqugs  sur  la  figure  5*  L'obtention  de  la 
valeur  du  potentiel  et  de  celles  des  trois  composantes  du  champ  extgrieur  ngceasite  la 
connaissance  de  coefficients  de  forme  dont  la  valeur  dgpend  de  la  ggomgtrie  du  vghicule 
et  dea  points  d ' implantation  des  capteurs.  Ces  coefficients  sont  dgtermings,  en  labora- 
toire,  grace  5  une  maquette  conductrice,  I  gchelle  rgduite,  de  l'avion  (P. Laroche,  1980). 

Le  signal  de  mesure,  issu  de  chaque  capteur  de  champ,  est  enregistrg  en  mode  F.M. 
sur  un  enregistreur  magngtique  (figure  6). 

3.1.2  -  Mesure_du_courant_d^imjact 

Le  courant  d'origine  triboglectrique  est  dgtectg  par  une  sonde  d'impact,  conBtituge 
par  une  metallisation  de  la  glace  frontale  centrale  du  poste  de  pilotage.  Le  courant  col- 
lectg  circule  5  travers  une  impgdance  de  charge  rgunie  5  la  structure  de  l'avion  i  la 
tension  dgtectge  aux  bornes  de  cette  impgdance  est  amplifige  et  acheminge  vers  un  enregis- 
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treur  magn6tique  (figure  6). 

3-2  -  Mesures  eiectromagneticues  a  large  bande 

3.2.1  -  G|n|ralit|s 

Le  but  de  ces  mesures  est  lu  determination  simultan6e  dee  champs  eiectromagn6tiques 
S  l'ext6rieur  et  5  l'int6rieur  du  fuselage  de  l'avion,  au  voioinage  d'une  ouverture,  ain- 
si  que  l'analyse  des  signaux  parasites  engendr£s  sur  une  ligne  test  situ6e  &  bord.  Lea 
rfisultatB  attendus  doivent  permettre  de  determiner  : 

;  -  1' importance  relative  des  m6canismes  de  couplage  de  l'£nergie  6lectromagn6tique 

j  avec  un  circuit  eiectrique  embarquJ  lorsque  l'avion  est  soumis  5  un  foudroiement 

!  direct  ou  de  proximity 

j  -  la  fonction  de  transfert,  du  point  de  vue  £lectromagnetique ,  d'une  ou/erture 

|  radiotransparente  de  dimensions  g6om6triques  donnSes  ; 

I  -  la  fonction  de  transfert  de  cette  ouverture  lorsqu'elle  est  recouverte  d'un  pan- 

i  neau  rgalisS  en  mat6riau  composite  ; 

j  -  les  conditions  d'initiation  ou  d' interception  d'un  foudroiement,  en  liaison  avec 

]  les  mesures  des  paramltres  eiectriques  de  1'aSronef  dgcrits  au  §  3.1. 

1 

I 

!  Les  champs  6lectromagndtiques  sont  mesures  &  1'aide  des  capteurs  S  large  bande  pas- 

sante  ;  les  signaux  sont  transmis  au  moyen  de  chaines  optoeiectroniques  et  lour  acquisi- 
!  tion  est  effectu6e  s imultanement  par  des  magn6toscopes  video  et  par  des  digitaliseurs  ra- 

!  pides.  Cet.  derniers  sont  g6res,  de  fa?on  automatique,  par  un  calculateur  qui  assure  6ga- 

;  lement  le  stockage  des  donnSes. 

!  Le  premier  mode  d ' aequisit ion, opeir ant  de  maniere  continue  doit  permettre  de  recons- 

tituer  l'historique  complet  de  la  discharge  atmosphlriq.ue  avec  une  bande  passante  de  10 
MHz  et  le  second  doit  permettre  d'analyBer  des  ph6nom§nes,  pendant  une  dur6e  limitSe  mais 
avec  une  bande  passante  de  200  MHz. 

L'ensemble  de  1 ' instrumentation  d ' acquis  it ion  des  signaux  est  dispose  S  l'intirieur 
de  la  cage  de  Faraday  qui  utilise  un  r6seau  d* alimentation  eiectrique  autonome,  d6coupl6 
du  r£seau  de  l'avion. 


3.2.2  -  Capteur a _do_champ_ elect romcgn6ti£ue 

a)  A  l'ext6rieur  du  fuselage 

L ' implantation  des  capteurs  de  champ  eiectrique  et  de  champ  magn6tique  a  6t6  choisie 
de  fagon  S  pouvoir  estimer  les  champs,  au  niveau  de  1 'ouverture  etudiSe,  avec  une  precision 
suffisante  dans  la  gamme  de  frequence  envisagSe.  De  plus,  cet  emplacement  doit  etre  situS 
dans  une  zone  a  faible  probabilite  d'impact  de  la  foudre.  La  figure  7  indique  l'implanta- 
tion  retenue,  les  deux  capteurs  'sont  •  plac6s  sur  le  cote  exterieur  droit  et  centrijB  sur 
une  gen6ratrice  du  fuselage  passant  par  le  centre  du  hublot  ;  ces  capteurs  sont  protegSs 
par  un  carenage  en  fibre  de  verre  traitfi  anti-statique .  L 'orientation  des  capteurs  eBt 
choisie  de  fagon  a  permettre  la  mesure  du  champ  Slectrique  normal  a  la  paroi  et  la  meBure 
du  champ  magnitique  tangent  §  la  circonfSrence  du  fuselage. 

Les  capteurs  utilises  sont  des  d6tecteurs  actifs,  du  type  asym£trique,  commercialises 
par  la  soci6t6  Thomson-CSF  (D6partement  applications  specialeB  de  1 ' instrumentation ) .  Ces 
dispositifs  d£livrc:\t  un  signal  de  sortie  proportionnijl  a  la  grandeur  physique  5  mesurer 
(module  du  champ  eiectrique  E  ou  du  champ  magnitique  H)  et  comportent  huit  gammes  de  me¬ 
sures  programmables .  Leur  forme  g£om6trique  particuliere  permet  d'effectuer  des  mesures 
de  champ  trSa  intenseB  (±  3 1 6  kV/m  ou  ±  (£39  A/m)  dans  une  gamme  de  frequences  comprise 
entre  100  Hz  et  150  MHz  pour  le  capteur  E  et  entre  6  kHz  et  150  MHz  pour  le  capteur  H 
(figure  E). 

b)  A  l'intfirieur  du  fuselage 

La  determination  des  champs  electromagnet i ques  ti  1 '  interi-.'ur  du  fuselage,  sur  1 '  axe 
du  hublot  (figure  7),  est  realisee  par  des  capteurs  d6velopp6s  par  la  meme  soci6t6^  per- 
mettant  d'effectuer  des  mesures  en  champ  libre  dans  une  gamme  de  frequences  comprise  entre 
1  kHz  et  130  MHz  pour  le  capteur  E  et  entre  30  kHz  et  130  MHz  pour  le  capteur  H.  Le  pre¬ 
mier  comporte  cinq  gammes  de  mesure, reparties  entre  1  kV/m  et  100  kV/m  et  le  second  en  - 
comporte  trois,  comprises  entre  26,5  A/m  et  265  A/m  (figure  9). 

Les  signaux  parasites  induits  sur  la  ligne  test  bont  ditectes,  soit  aux  bornes  d'une 
impedance  de  charge,soit  ti  l'aide  d'une  sonde  de  courant  radiofrequence. 

3.2.3  -  Chaines_de_transmission_opto6lectroni jues 

Les  signaux  entre  les  capteurs  de  champ  et  les  systemes  d ' acqui sition  sont  transmis 
par  voies  opto6lectroniques  (figure  10).  Les  chaines  utilisees  permettent  d'effectuer  une 
transmission  analogique  des  signaux,  dans  une  gamme  de  frequence  comprise  entre  500  Hz  et 
200  MHz,  avec  une  dynamique  superieure  A  1*0  dB. 

Ce  materiel,  commercialise  par  Electro-Optic  Developments,  a  6te  modifi6  et  adapte 
aux  conditions  du  vol. 

3.2.4  -  S^s t Sme s a i t io5_Si_5®_^ ESiiSSSSi 

L ' acquisition  des  signaux  est  realisee  s imultanement  (figure  10)  : 

-  par  enregistrement  continu,  en  fonction  du  temps,  sur  un  magnetoscope  Grundig  BK.4  1 1  dc 
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de  10  MHz  de  bande  passante  et  de  U0  dB  de  rapport  signal  tur  bruit,  modifiS  en  vue  de 
cette  application  particulars  ( 

-  par  memorisation  sur  des  enregistreurs  de  transitoires  de  200  MHz  de  bande  passante.  Ce 
mode  d'acquisition  permet  d 1 apprShender  et  d'analyser  des  Bignaux  rapides  dans  une 
fenetre  de  temps  limit6e  et  utilise  des  digitaliseurs  7912  AD  Tektronix  de  10 
Kmots  de  capacity  mSmoire.  La  gestion  de  ces  digitaliseurs  et  le  transfert  des  donn6es 
vers  une  m6moire  de  masse,  constitute  par  une  bande  magnStique  digitale,  sont  obtenus 
de  faqon  automatique  par  1 ' intermtdiaire  d '  un  calculateur  U 052  Tektronix  suivant  le 
synoptique  reprtsentt  sur  la  figure  11. 

Deux  circuits  "Trigger"  et  "Synchronisation"  permettent  respectivement ,  de  comman¬ 
der  une  acquisition  des  digitaliseurs  quelle  que  soit  la  polaritS  du  signal  analyst  et  de 
reptrer  sur  1 'enregistrement  vidto  des  magnStoscopes  BK  4 1 1 ,  l'instant  de  1 'acquisition 
effectute  par  les  enregistreurs  7912  AD. 

3.2.5  ~  Nature_des_£anneaux_6tudits 

Les  hublots  exptrimentts  ont  un  diamltre  de  380  mm-  et  seront  recouverts  successive- 
ment  de  panneaux  en  : 

-  verre, 

-  verre  traitt  (proctdt  SEFTIM), 

-  fibre  de  carbone, 

-  fibre  de  carbone  sveo  grillage  cuivre  inttgrt, 

-  fibre  de  verre  avec  grillage  cuivre, 

-  mttal. 


Les  panneaux  en  fibres  de  carbone  et  de  verre  ont  une  tpaiBueur  de  2  mm  et  le  gril¬ 
lage  en  cuivre  utilist  a  une  maille  de  1,5  mm,  un  diametre  de  fil  de  90  urn  et  une  densitS 
de  60  g/m2 


CONCLUSION 


Une  premiere  campagne  d'essais  de  foudroiement  en  vol  sur  un  avion  "TRANSALL"  (1978) 
a  permis  de  montrer  la  faisabilitt  d'une  telle  experimentation  et  de  mieux  dtfinir  les 
chaines  de  mesure  u  mettre  en  oeuvre.  Tenant  compte  de  ces  enseignements ,  de  nouveaux 
essais  sont  prtvus  au  cours  de  l'ttt  1980  avec  pour  objectifs  i 


-  d'obtenir  des  informations  quantitatives  sur  les  modes  de  couplage  de  l'tnergie 
tlectromagnfitique ,  engendrte  par  un  foudroiement  direct  ou  de  proximity  avec  les 
tquipements  de  bord  } 


-  de  connaitre  1 1 af f aiblissement  introduit  par  divers  types  de  panneaux  rtalists  en 
mattriaux  composites  ; 


-  d'evaluer  l'6tat  tlectrique  d'un  vthicule  au  moment  du  foudroiement  ; 


-  de  caracttriser  les  ondes  de  courant  parcourant  la  structure. 
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Fig.  2  -  Reprfiaantation  achfcnatiqua  da 
1 'instrumentation  utiliage  au 
court  das  esaaia  an  vol  effac- 
tufia  an  1978. 
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Fig.  3  -  Photographie  de  la  perche  arriSre. 


Fig.  4  -  Forme  d'onde  du  courant  meaurg 

sur  la  perche  avant  du  "TRANSAU," 
C160-A04. 


Fig.  5  -  Implantation  d«(  quttra  moulina  i  champ  (M.C.)  at  da  la  aonda  d'impact  (S.I.)  aur  l'avion 
"TRANSALL"  C160-A04. 
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Fig.  6  -  RaprCaan tation  aynoptique  daa  chalnea  da  maaura  du  potantiel  Slactroatatique  de  l'avion  at  du 
courant  d'impact. 
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Fig.  7  -  Implantation  daa  captaura  da 
champa  llactromagndtiquaa  aur 
l'avion  "TRANSAIX"  C160-A04. 
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Fig.  9  -  Capteura  da  chomp  Slectromagnfitique  du  type  aymfitrique. 
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Fig.  10  -  Schfima  aynoptique  repr£sentant  lea  chaines  de  mesure  dea  champa  SlectronagnStiquea  4  large  bands. 
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Fig.  11  -  Diroulement  du  programme  de  gestion  dee  7912  AO 
et  de  atockage  daa  donnfiea  traitdea  A  partir 
du  calculateur  4052. 
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AIRCRAFT  MANUFACTURERS  APPROACH  TO  THE  E.M.C. /AVIONICS 
PROBLEMS  ASSOCIATED  WITH  THE  USE  OF  COMPOSITE  MATERIALS 

by 

Q.  Barton 

Waetland  Helicopters  Ltd. 

Yeovil  U.K. 

I.  P.  MacDiartnid 
British  Aerospace,  Warton  U.3C, 


SUMMARY 

The  paper  outlines,  by  giving  detailed  examples,  the  U.K.  aircraft  manufacturers  approach  to  the 
E.'M.C./Avionic  problems  associated  with  the  use  of  Carbon  Fibre  Composites  (C.F.C.). 

The  first  two  sections  deal  with  examples  of  structures  that  required  flight  clearance  within  rela¬ 
tively  short  timescales,  these  are;  the  fitting  of  C.F.C.  panels  to  Jaguar  and  Lightning  Strike  investiga¬ 
tions  or.  composite  demonstrator  rotor  blades. 

The  remaining  sections  (3  to  3)  outline  work  undertaken  to  address  the  long  term  problems  of  composite 
aircraft  and  their  effects  on  avionic  systems.  This  includes  C.F.C.  fuselage  investigations,  conductivity 
measurements  and  an  earth  return  study. 


1.  JAGUAR  CFC  PANELS 

The  structural  trend  when  introducing  composites  on  aircraft  has  been  to  replace  selected  existing 
metallic  panels  with  carbon  fibre  composite  (CFC)  panels.  To  assess  the  possible  effects  on  avionic 
systems  and  the  overall  Electromagnetic  Compatibility  (EMC)  of  the  aircraft  each  composite  panel  requires 
to  be  addressed  considering  such  areas  as  material/lay-up  and,  position  on  aircraft,  lightning  strike 
effects, antenna  performance,  RF  effects  on  systems/cables  running  beneath;  etc.  with  the  final  objective 
to  provide  recommendations  and  supporting  evidence  for  flight  approval. 

The  introduction  of  CFC  panels  on  the  Jaguar  aircraft  is  one  sjch  instance,  and  the  following  outlines 
the  investigations  undertaken  and  the  subsequent  programme  of  work. 

The  proposed 'CFC  panels  to  be  fitted  on  the  Jaguar  Aircraft  are  as  listed  below: - 

Underwing  Panel  EM4  18  0001 

Rear  Fuselage  Spine  Panel  EM4  28  0001 

Rcc.r  Fuselage  Tank  Access  Panels  CFl8.010.001 

CF18. 016.001 

An  initial  investigation  was  undertaken  considering  the  location  of  the  panelswhioh  are  shown  in  Fig. 1.1 
and  the  various  systems/cables  running  beneath.  It  was  concluded  that  only  two  areas  of  possible  problems 
need  to  be  considered  further 1- 

1.  Lightning  Strike  Effects 

2.  RF  Effects  (Possible  deterioration  in  EM  shielding  properties) 

1.1  Lightning  Strike  Effects 

When  it  was  initially  proposed  to  use  carbon  fibre/aluminium  honeycomb/carbon  fibre  sandwich  panels 
on  the  aircraft  a  great  deal  of  concern  was  expressed.  This  was  because  previous  work  on  this  type  of 
sandwich  panel  indicated  a  possible  hazard  due  to  lightning  currents  flowing  in  the  aluminium  honeycomb. 

The  damage  noted  arises  mainly  from  current  being  forced  to  cross  the  dielectric  glue  line  between  aluminium 
ribbons.  The  subsequent  instantaneous  deposition  of  energy  gives  rise  to  three  stages  of  failure  depending 
upon  the  magnitude  of  the  current  densities.  They  are: 

1)  Blistering  and  arcing  within  the  glue  layer  giving  progressive  failure  of  the  bond  up  to  complete 
separation  of  the  ribbons.  This  occurs  at  very  low  current  density. 

2)  Failure  of  the  interface  bond  between  the  Carbon  fibre  and  the  aluminium  honeycomb  up  to  complete 
delamination  of  the  Carbon  fibre  skin. 

3)  As  current  densities  and  action  integral  increase  these  two  failure  mechanisms  can  escalate  into  an 
explosive  delamination  of  the  carbon  fibre  skins. 

When  assessing  the  possible  hazards  due  to  lightning  strike  each  panel  was  considered  in  turn  and  a 
great  deal  of  attention  given  to  the  possible  delamination  problem.  It  was  condluded  that  the  rear  fuselage 
tank  access  panels  are  the  only  panels  with  possible  significant  flight  safety  implications  for  the  follow¬ 
ing  reasons: 

1.  Delamination  of  this  panel  could  cause  a  serious  flight  safety  hazard. 

2.  These  panels  are  in  a  high  current  density  area  and  long  before  failure  of  these  panels,  sparking 
could  occur  at  the  metal  to  CFC  interface  resulting  in  ignition  of  fuel. 
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A  program*  of  work  was  tharafora  undertaken  to  investigate  the  effects  of  lightning  on  the  fuel 
tank  access  panels.  In  addition  to  performing  a  series  of  tests  to  determine  the  performance  of  the 
present  design,  various  lightning  strike  protection  finishes  were  also  assessed  during  this  programme  of 
work,  in  case  this  proved  necessary. 

1.1.2  Simulated  Lightning  Strike  Tests  on  the  CFC  Fuel  Tank  Access  ?anel 

The  work  reported  below  was  undertaken  by  UKAEA,  Culham  Laboratory,  Abingdon,  Oxfordshire  and 
acknowledgement  is  given  for  the  extracts  used  here  from  their  report  on  this  work. 

The  test  conditions  and  levels  subjected  on  the  panels  were  deslved  from  the  Culham  Laboratory 
Report  "Recommended  Practice  for  lightning  Simulation  and  Testing  Techniques  for  Aircraft".  No  C1M-R-163 
dated  May,  1977. 

1.1.3  Test  Specimens 

A  total  of  six  specimens  were  supplied.  They  weres 
M.F.I.  Standard  Aluminium  Panel  of  present  production. 

J.F.2  Standard  CFP/Aluainium  honeycomb/CFP  panel  of  the  proposed  demonstrator  type. 

J.F.3  As  J.F.2  with  a  200  mesh  stainless  steel  wire  surface  protection. 

J.F.4  As  J.F.2  with  Aluminium  foil  surface  protection. 

J.F.5  As  J.F.2  with  flame  sprayed  Aluminium  protection. 

J.F.6  Aluminium/Aluminium  honeycomb/Aluminiura  sandwich  panel. 

In  addition  a  mock  up  of  that  part  of  the  fuel  tank  forming  the  immediate  surroundings  of  the 
access  panel  was  also  supplied.  In  this  mock  up  the  method  of  fixing  the  panel  to  the  tank  was  faithfully 
reproduced. 

In  addition  to  tests  on  the  six  panels  mentioned  above  teats  were  also  conduoted  on  panels  made 
at  Culham.  These  were 

(1)  A  plain  Carbon  Fibre  Epoxy  Resin  panel  EPLA  461?  MPD  having  8  laminates  each  0.005  thick  with  the 
fibre  lays  at  0°.90o.90o.0o.0o.90o.90o.0°.  to  the  direction  of  the  current  flow. 

(2)  A  SRBP  panel. 

(3)  A  plain  2  mm  thick  Aluminium  Sheet  panel. 

1.1.4  Test  Techniques 
Zone  3  Tests 

The  test  panel  was  mounted  in  the  eimulated  surround  and  this  formed  part  of  a  parallel  trans¬ 
mission  line.  The  return  conductor  forming  the  other  half  of  the  system  was  placed  opposite  the  outside 
of  the  panel.  See  fig. 1.2. 

This  effectively  simulated  the  natural  lightning  current  distribution  under  sons  3  conditions  in 
the  panel  and  its  immediate  surround.  The  light  tight  box  permitted  photographic  observation  of  possible 
sparking  at  the  various  current  joints  during  the  test  pulse. 

Zone  2a  Tests 

The  simulated  surround  structure  was  reduced  in  size  by  removing  some  of  the  outer  metal  panel, 
and  placed  in  the  standard  Culham  large  concentric  feed  arc  test  rig.  This  is  designed  to  reduce  the 
affect  of  the  return  conductor  magnetic  fields  upon  the  arc  movement,  and  thus  more  closely  resembles  the 
conditions  of  a  natural  lightning  strike  environment.  The  arc  was  struck  between  a  jet  diverting  electrode 
and  the  test  piece.  This  electrode  diverts  the  electrode  jet,  which  is  not  representative  of  a  natural 
lightning  strike,  away  from  the  test  piece,  and  thus  prevents  unrepresentative  damage  from  occuring. 

1.1.5  Diagnostics 
Zona  3 

The  total  test  current  was  measured  by  using  a  calibrated  magnetic  probe  and  a  Rogowski  coil. 

In  addition  two  flat  single  turn  coils  were  placed  close  to  the  surface  of  the  access  panels  on  both 
inner  and  outer  sides.  These  coils  covered  half  the  effective  width  of  the  panel  and  were  arranged  to 
detect  linkages  with  that  component  of  the  flux  normal  to  the  surface  of  the  panel.  This  indicates  the 
level  of  flux  penetration  of  the  panel.  Reference  levels  were  set  by  conducting  tests  with  an  aluminium 
panel  and  an  insulating  panel.  Small  holes  were  drilled  into  the  CF/honeycomb/CF  sandwich  panel,  into 
which  probes  were  inserted  to  measure  the  honeycomb  resistance. 

The  possible  presence  of  sparking  at  the  panel/surround  interface  was  detected  photographically. 
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j  Zone  2a 

No  special  diagnostics  other  than  normal  current  and  voltage  measurements  were  made  for  Zone  2a 

Tests. 

1.1.6  Test  Waveforms  Used 

Zone  1  Tests 

The  width  of  the  simulated  immediate  surrounds  of  the  panel  is  estimated  as  being  on?<  sixth  of 
the  total  peripheral  distance  around  the  fuselat"  at  the  fuel  tank  position.  At  this  point  of  the  fuselage 
Zone  3  currents  will  be  distributed  fairly  ’<ni.  .ly  around  the  fuselage  during  natural  strike  conditions. 

The  required  test  current  parameters  can  be  reduced  tnerefore ,by  an  appropriate  amount  from  thorn* recommended 
in  the  f'ulham  laboratory  Report  "Recommended  Practice  for  Lightning  Simulation  and  Testing  Techniques  for 

Aircraft"  No.  ClH-R-163  May,  1977.  Thus  the  peak  current  can  be  reduced  to  one  sixth  i.e.  from  200  kA  peak 

to  33  kA  peak,  end  the  notion  integral  can  be  reduced  by  a  factor  of  36  from  2  x  10°  A^s  to  5.6  x  10"  A^s. 
i  The  actuel  waveform  awever  is  important  in  this  case.  The  rise  of  the  high  current  component  mu.it  be  short 

j  enough  to  eru-ure  effective  initial  inductive  sharing  of  the  current  between  the  aluminium  surround  and  the 

!  CFP  Panel,  but  long  compered  to  the  redistribution  time  of  current  within  the  thickness  of  the  panel,  whilst 

j  the  total  pulse  length  must  be  long  compared  with  the  redistribution  time  cf  current  between  the  carbon 

I  fibre  sandwich  panel,  and  the  surrounding  aluminium. 

It  will  be  noted  from  the  table  of  results,  that  in  all  cases  the  action  integral  was  lower  than 
f  the  5.6  x  1CrA2s  stated  above,  but  that  the  peak  current  of  3 3  kA  was  achieved.  The  voltages  measured  in 

-  the  flux  loops  however  indicated  that  the  high  resistance  of  the  CFRP  panels  played  a  significant  part  in 

i  the  current  distribution  between  the  panel  and  the  "vr round  after  the  initial  rise  time,  ana  that  current 

had  virtually  ceased  to  flow  in  the  carbon  fibre  before  the  end  of  the  pulse.  Clearly  the  action  integral 
:  for  a  given  peak  current  can  only  be  increased  by  extending  the  duration  of  the  pulse,  and  there  was  little 

point  in  extending  the  pulse  beyond  the  time  when  no  further  current  flowed  in  the  carbon  fibre.  In 
addition  such  an  extension  of  time  can  only  be  achieved  by  also  lengthening  the  rise  time  thereby  decreasing 
the  di/dt,  and  the  initial  current  sharing.  A  larger  duration  pulse  therefore  would  have  been  a  less 
severe  test  because  of  the  flower  rise  time  and  in  spite  of  the  higher  action  integral.  This  is  a  very 
important  point  in  establishing  the  complete  validity  of  the  teats. 

Zone  2a  Test 3 

The  fuel  tank  access  panel  is  in  a  region  where  a  swept  stroke  reattachment  could  take  place.  There 
is  not  a  high  probability  of  such  a  roattachment,  nevertheless  in  the  event  the  panel  could  experience  a 
reatrike  current  plus  some  part  of  an  intermediate  or  continuing  current,  in  the  fora  of  an  open  arc  on 
the  panel.  The  likely  damage  mechanism  therefore  is  the  mechanical  forces  and  current  sharing  between  the 
CFC  and  the  aluminium  honeycomb  during  the  lvatrike  period,  and  the  high  charge  transfer  of  the  intermediate 
and  continuing  current  phase.  It  is  thf>  latter  which  generates  much  of  the  arc  root  energy  due  to  the 
tendency  for  the  arc  root  to  develop  a  near  constant  voltage. 

The  characteristics  of  the  Zone  2a  current  wavofor.is  therefore  were  a  100  kA  short  duration 
(oscillatory)  pulse  followed  by  triangular  pulse  having  -  2.7  kA  peak  and  a  charge  transfer  of  “  40 
coulombs. 
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Tost  Results 


Zone  3  Tests 

Zone  3  tests  were  conducted  on  a  total  of  5  panels.  They  were: 

(1)  A  present  production  aluminium  panel  and 

(2)  A  SRBP  panel 

(The  results  from  these  were  uced  as  reference  levels  representing  a  completely  conductive,  and  a 
completely  non-c 'reductive  panel,  particularly  with  reference  to  the  flux  loops  diagnostic).  These  were 
followed  by1 

(3)  A  sardwich  panel  having  aluminium  honeycomb  between  aluminium  sheets. 

(*0  The  Culham  ma-e  CFRP  panel. 

(5)  The  proposed  sand. _ h  panel  having  aluminium  honeycomb  between  CFRP  skins. 

The  Test  levels  used  in  these  tests  are  given  in  table  No.  1.  Thera  was  predictably  no  response 
from  the  flut  loop  co. Is  when  an  aluminium  panel  was  tested.  (Items  1  and  3  above).  .This  confirms  that 
th^  curr  -t  density  in  the  aluminium  panels  was  the  same  as  that  in  the  surrounding  aluminium  section. 
With  the  XRBP  panel  strong  signals  having  similar  characteristics  were  detected  in  both  upper  and  lower 
flux  loop  coils  confirming  that  no  current  flowed  in  the  SRBP  panel.  In  the  case  of  CFRP  panels  (ITEMS 
k  and  5)  both  with  and  without  aluminium  honeycombs,  examination  of  the  flux  loop  output  curves  again 
showed  ve  v  similar  characteristics  between  upper  and  lower  coils  with  only  very  smell  differences  in  the 
curve  profile  during  the  very  early  phase  of  the  pulse  i.e.  during  the  first  0.2  p secs. 

This  indicates  that  appreciable  current  flowed  ,<n  the  CFRP  panels  during  the  initial  rise  time 
only,  and  for  the  greater  part  of  the  pulse  little  or  no  current  flowed  in  the  carbon  fibre  panel.  No 
ex  ernally  detectable  damage  was  obser  d  In  the  CFRP  panels  or  in  the  honeycomb,  and  the  resistance 
measurements  conducted  on  the  honeycomb  did  not  indicate  any  significant  latent  damage  to  the  honeycomb. 
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No  sparking  was  detected  inside  the  tight  proof  box. 

Zone  2a  T-cts 

The  test  wave-forms  used  on  the  various  samples  are  given  ir.  table  3  together  with  an  indication 
of  the  damage  sustained.  Photographs  of  the  panels  after  testing  are  given  in  Pigs. 1.3  tol.6.  No  daaago 
was  observed  between  the  counter  sunk  screws  and  the  CFRP.  This  is  a  very  satisfactory  result  as  the 
presence  of  the  gaskot  forced  all  the  current  to  flow  through  the  screw/CFRP  interface,  and  the  absence  of 
damage  indicates  a  good  current  carrying  interface. 

In  all  cases  where  some  fora  of  surface  protection  was  applied  adequate  protection  was  afforded 
to  the  Carbon  Fibre.  The  protecting  surface  however  was  itself  damaged  and  repairs  would  be  necessary  in 
practice.  In  the  case  of  the  foil  and  the  flam?  sprayed  aluminium  repairs  could  be  reasonably  effected 
but  the  SS  mesh  protection  nay  prove  more  difficult.  In  all  cases  it  may  be  cheaper  and  quicker  to  replace 
the  whole  panel.  Both  the  unprotected  CFRP  and  the  aluminium  skin  having  a  honeycomb  centre  were  punctured 
on  the  outer  skin,  but  otherwise  both  were  intact.  The  results  demonstrated  that  the  damage  sustained  would 
not  hazard  the  aircraft  in  flight  nor  would  the  damage  be  unacceptably  extended  by  the  aerodynamic  forces 
on  it  during  the  remainder  of  the  flight. 

Conclusions 

The  Zone  3  tests  indicate  that  the  current  sharing  characteristics  of  this  particular  assembly 
gives  very  good  protection  to  the  CFRP  and  the  aluminium  honeycomb.  The  panel  should  therefore  safely 
survive  the  zone  3  effects  of  a  very  severe  strike  to  the  aircraft.  It  must  be  stressed  however  that  this 
conclusion  refers  solely  to  this  particular  panel  in  this  particular  position.  Variations  in  the  dimen¬ 
sions  of  the  panel,  its  position  on  the  aircraft,  or  other  changes  in  the  nature  of  the  immediate  surround¬ 
ings  (porticularly  changes  in  the  conductivity  of  material  surrounding  the  panel)  could  adversely  affect 
its  lightning  performance. 

The  Zone  2a  tests  indicate  that  complete  protection  against  arc  root  damage  is  possible.  However 
there  is  very  low  probability  of  an  arc  root  attachment  to  this  panel,  and  in  addition  the  damage  likely 
to  occur  in  such  a  rare  event  is  extremely  unlikely  to  hazard  the  aircraft  in  any  way.  The  worst  situation 
therefore  is  unlikely  to  cause  more  problems  than  the  need  to  replace  the  panel  after  the  strike,  a  require¬ 
ment  that  might  be  necessary  even  if  protection  is  applied.  In  view  of  this  it  was  recommended  that  no 
surface  protection  was  required  on  these  particular  panels. 

1.2  H.F.  Effects 

The  introduction  of  composites  on  aircraft  raised  the  question  of  the  possible  reduction  in  the 
Electromagnetic  Shielding  properties  of  a  composite  airframe  compared  with  the  conventional  aluminium 
structure.  This  therefore  raised  the  problem  of  QIC  of  the  Jaguar  aircraft  with  CFC  panels  fitted.  It 
was  considered  not  necessary  in  this  instance  and  indeed  timescales  did  not  allow,  without  good  evidence 
to  the  contrary,  to  carry  out  absolute  measurements  of  the  shielding  properties  of  the  CFC  panels  and 
therefore  a  comparison  type  test  was  undertaken. 

1.2.1  Test  Philosophy 

The  size  of  CFC  panels,  where  they  are  installed,  the  position  of  cables  beneath,  and  their 
relation  to  other  cable  runs  not  passing  beneath  these  panels  influence  the  philosophy  of  testing  and  the 
resulta  significantly. 

When  the  problem  of  testing  the  A  CFC  panels  was  first  approached  the  aircraft  and  drawings  were 
examined  to  ascertain  which  systems  were  enclosed  by  the  panels.  It  was  found  that  one  enclosed  fuel,  one 
enclosed  a  fuel  contenta  sensor  and  fuel,  and  the  other  two  covered  wiring  associated  with  the  Autostabiliser 
and  some  other  general  wiring. 

Since  the  Autostabiliser  system  has  been  subjected  to  a  great  deal  of  EMC  testing  both  for  onboard 
radio  equipment  transmissions  and  for  RF  environments  it  was  felt  that  checking  for  degradation  of  the 
Autostabiliser  system  in  the  p.  esence  of  onboard  RF  transmissions  would  be  an  indication  of  any  reduction 
in  screening  due  to  changing  the  metal  panels  to  CFC  ones.  It  was  not  the  intention  co  carry  out  absolute 
measurements  of  screening  efficiency  and  field  strength  levels. 

Consideration  was  given  to  the  armament  installation  but  as  no  armament  cables  run  beneath  any  of 
these  panels  it  was  not  considered  necessary  to  test  this  system.  Cross  coupling  'down  the  line'  between 
cables  was  considered.  However,  we  investigated  the  installation  and  considered  that  there  was  adequate 
shielding  between  the  cables  beneath  these  panels  and  armament  cables  where  they  ran  together  in  other 
parts  of  the  aircraft.  Had  there  been  a  significant  deterioration  in  the  shielding  of  the  CFC  panels, 
thereby  permitting  increased  pick-up  on  the  c'-M.es  beneath  the  panels  consideration  would  have  been  given 
to  checking  the  armament  system  wiring  to  ensure  cross-coupling  between  wiring  does  not  affect  the  armament 
system.  This  proved  to  be  unnecessary. 

1.2.2  Results 

The  tests  were  carried  out  on  a  production  Jaguar  aircraft  (S162)  with  the  four  CFC  panels 
fitted  as  described  earlier.  The  checks  were  in  accordance  with  standard  on-aircraft  EMC  clearance  tests 
ensuring  that  specified  power  outputs  were  achieved. 

1.2. 2.1  Emissive  Equipment  Checks 

Tailplane  and  rudder  and  all  cockpit  instruments  were  monitored  for  any  deviations  whilst  the 
autostabiliser  system  was  engaged  and  the  following  emissive  equipments  were  activated  over  their  operating 
frequency  range. 
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TACAN 

IFF 


V/UHi' 

STBY  UHF 
RAD  ALT 

No  interference  was  detected  during  these  checks. 

1 .2.2.2  H.F.  Transmission  Checks 

The  results  recorded  for  the  CFC  panelc  were  taken  during  engine  runs  as  our  experience  suggests 
that  this  is  the  worst  case.  (Because  airframe  vibration  acts  as  a  PFCU  valve  dither  signal  to  increase 
system  sensitivity  to  demodulated  signals).  The  tests  were  carried  out  in  a  similar  manner  to  that  as  in 

previous  autoetabiliser  tests  are  compared  to  these  earlier  results  as  shown  in  Fig.1.7 

The  results  show:- 

.  That  checks  with  CFC  panels  are  similar  to  those  obtained  with  metal  panels. 

.  The  interference  with  CFC  panels  occurs  within  the  same  frequency  range  as  that  with  standard 

metal  panels. 

The  measurements  did  not  suggest  that  CFC  panels  introduced  a  significant  degradation. 

1  .3  Conclusions 

From  the  results  of  these  checks,  using  emissive  equipment  and  HF  transmissions,  no  significant 
degradation  was  observed  from  the  fitting  of  CFC  panels.  No  significant  change  in  the  EMC  clearance  of 
the  aircraft  therefore  results  from  the  introduction  of  these  panels. 

The  results  from  the  autostabiliser  provide  a  useful  comparison  as  th?3  system  is  known  to  respond 
to  any  excessive  field.  Only  the  HF  transmissions  resulted  in  noticeable  interference  and  this  was  within 
the  levels  expected. 

2.  COMPOSITE  ROTOR  BLADES 

Traditionally,  helicopter  rotor  blades  have  been  manufactured,  with  a  light  alloy  spar  trailing  edge 
skins  and  tip  fittings  which  presented  a  good  conductive  path  should  a  blade  be  struok  by  lightning.  The 
introduction  of  blades  being  constructed  with  a  Class  Reinforced  PlaBtic  (QRP)  spar,  Carbon  trailing  edge 
skins  and  titanium  errosion  shield  necessitates  the  development  of  environmental  protective  systems. 

W.H.L.  have  been  developing  demonstrator  composite  tail  rotor  blades,  constructed  as  shown  in 
figure  2.1  and  lightning  strike  protection  schemes  have  been  considered  during  this  demonstrator  programme. 
The  main  objectives  of  this  work  ares- 

1.  Provide  an  adequate  electrical  path  to  conduct  a  strike  of  moderate  severity 

2.  Ease  of  manufacture  with  a  minimum  of  operations. 

The  initial  phase  of  the  work  was  to  ascertain  the  suitability  of  the  proposed  connections  between 
thu  erosion  strip  and  the  rotor  boss  to  withstand  the  current  of  a  simulated  lightning  stroke  as 
defined  in  Culham  Report  CLM-R-163  "Recommended  Practice  for  Lightning  Simulation  and  Testing  of  Tech¬ 
niques  for  Aircraft". 

2.1  Description  of  Test  Pieces 

(a)  Straight  connection  (see  Fig.  2.2) 

This  was  a  9"  length  of  the  proposed  erosion  atrip  which  was  connected  by  two  rivets  to  a  9" 
length  of  3/8"  copper  braid  and  attached  to  a  glass  fibre  backing  strip.  The  other  end  was  hard  soldered 
lo  a  orass  connector  which  was  bolted  to  a  3"  x  2"  x  J"  block  of  aluminium  at  90°  to  the  line  of  the 
erosion  strip  representing  the  rotor  boss  connection. 

(b)  Angled  connection  (see  Fig.  2.3) 

This  was  similar  to  the  "straight  connection"  except  that  at  the  boss  end  the  aluminium  block  was 
in  line  with  the  erosion  strip  so  that  the  braid  turned  through  90°  bolting  to  the  aluminium  block. 

(c)  Titanium  connection  strip 

This  was  a  strip  of  titanium  2.5"  x  0.8"  x  .020"  cut  from  a  small  piece  of  the  erosion  strip. 
Suitable  connectors  were  made  so  that  test  pieces  and  titanium  strip  could  be  mounted  in  the  "quasi- 
concentric"  rig  in  a  vertical  position.  The  rig  was  connected  to  both  the  20  kV  and  100  kV  banks  which 
could  be  used  separately  or  in  a  combined  waveform  mode. 


2 .2  Test  Current  Waveforms 

The  testa  were  designed  to  check  the  specimen's  ability  to  meet  the  requirements  of  component  A  of 
the  lightning  test  waveforms  (200  kA  peak  current  and  action  integral  =  2  x  10°  A^sec). 

Two  possible  failure  mechanisms  could  result  from  Component  A  viz; failure  due  to  the  mechanical 
forces  arising  from  the  200  kA  peak  current,  and  failure  due  to  ohmic  heating  arising  from  the  action 
integral  of  2  x  10®  A2aec.  In  order  to  separate  these  two  effects,  two  separate  tests  waveforms  were 
used.  Firstly  the  mechanical  failure  mode  was  tested  using  a  damped  oscillatory  pulse  having  a  peak 
current  of  200  kA  and  a  rise  of  a  6  ys  and  a  total  duration  of  »  100  us.  Following  this,  it  was  intended 
to  assess  the  possible  failure  due  to  ohmic  heating  by  using  a  unidirectional  pulse  having  la  total  action 
integral  of  2  x  10°  A^sec.  The  samples  a)  and  b)  however  failed  on  the  high  test  current  by  mechanical 
forces  in  some  areas  and  Ohmic  heating  in  other  regions  although  the  action  integral  was  well  below  the 
required  2  x  10°  A2sduring  the  high  current  pulse. 

Similar  wave-forms  as  above  were  used  on  the  titanium  connection  strip,  but  the  intensity  level 

was  reduced. 

2.3  Test  Procedure  and  Results 

The  "straight  connector"  was  mounted  in  the  standard  Culham  concentric  test  rig  so  that  the  erosion 
strip  and  the  copper  braid  connection  were  in  the  zero  magnetic  field  area. 

A  pulse  having  a  peak  current  of  280-kA  and  an  action  integral  of  .81  x  10^  A2aec  was  passed. 

This  produced  considerable  damage  to  the  test  piece.  The  copper  braid  was  torn  from  the  glass 

fibre  backing  and  also  showed  signs  of  pinching  but  this  was  largely  inhibited  by  the  epoxy  resin  which 

had  impregnated  the  braid.  The  hard-soldered  connection  between  boss  and  braid  had  parted  and  the  connec¬ 
tor  itself  was  bent  at  a  right  angle.  The  titanium  had  melted  for  about  a  £"  at  the  point  where  it 
connected  to  the  copper  braid  (the  cross  section  of  the  titanium  was  reduced  at  this  point). 

As  no  further  tests  were  possible  using  the  "straight  connection"  and  the  magnetic  forces  on  the 
braid  on  the  "angled  connector"  would  be  greater,  it  was  decided  to  reduce  the  current  level  to  the 
component  D  level  to  assess  the  ability  of  the  test  pieces  to  withstand  a  restrike.  The  "angled  connection" 
was  mounted  in  the  same  way  as  the  "straight  connection"  and  a  pulse  passed  through  it  having  a  peak  cur¬ 
rent  of  102  kA  and  an  aotion.integral  of  .11  x  1o6  A2aec.  (note: Component  D  has  “  =  100  kA  +_  109£  and  an 
action  integral  of  0.25  x  10°  A^s  +,  1096. 

Thi6  pulse  did  not  part  the  braid  from  the  glass  fibre  backing  but  at  the  boss  end  only  a  few 
strands  of  braid  remained  attached  to  the  connector.  At  the  riveted  end  where  the  titanium  narrowed  it 
had  melted  but  not  lost  any  metal,  the  metal  having  cooled  in  position. 

Five  tests  were  conducted  passing  the  current  through  a  2"  length  of  titanium  .020"  thick  and  0.8" 
wide.  The  severity  levels  of  the  tests  and  a  summary  of  the  results  is  given  in  table  3  below.  The 
results  after  scaling  showed  that  the  erosion  strip  which  wbb  2  3/1 6"  wide  roach  a  temperature  of  about 
600°C  when  subject  to  a  component  A  pulse. 


TABLE  3 


I2t 

SHOT 

TEST  PIECE 

kA 

A2sec.lO^ 

RESULT 

1 

.8"  x  2"  x  .020"  TITANIUM  STRIP 

123 

.22 

No  change  or  damage,  some  heating 

2 

II 

150 

.22 

Motal  turned  blue,  slightly 
buckled. 

3 

II 

165 

.286 

Metal  red  hot,  increase  in 
buckling. 

4 

II 

182 

.36 

Metal  red  hot,  further  distortion. 

5 

II 

8.0 

.74 

Test  piece  completely  melted  and 
blown  from  the  test  rig  (after 

The  results  indicated  that  neither  the  braid  connections  nor  the  reduced  section  of  the  titanium 
strip  at  the  riveted  connection  were  capable  of  withstanding  the  heating  effect  or  magnetic  forces  of  a 
Component  A  waveform.  The  titanium  erosion  strip  whilst  not  itself  being  damaged  would  become  too  hot 
for  the  epoxy  resin  bonding  to  the  rotor  blade. 


Further  Work 


Following  these  results  in  addition  to  improving  the  braid  bonding,  it  was  considered  desirable  to 
provide  a  display  of  visual  evidence  of  being  struck  by  lightning  without  causing  structural  damage  to  the 
blade.  The  split  tag  method  was  devised,  the  theory  being  the  inner  and  outermost  parts  of  the  tag  are 
large  enough  to  carry  a  maximum  strike  (200  kA)  so  that  the  gap  between,  bridged  only  by  the  titanium  tang 
would  act  as  a  fuse  and  show  discolouration  with  only  a  small  charge.  A  large  one  would  blow  this  fuse 
and  should  the  end  of  the  shield  turn  up  it  would  be  flexible  enough  to  distort  without  damaging 

the  main  area  of  the  shield. 
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Initial  work  on  the  braid  showed  that  a  tubular  tinned  copper  braid  4mm  inside  diameter  3.5  sq.mm 
cross  sectional  area  will  carry  a  peak  current  of  200  kA.  However  during  teste  the  braid  shrank  in  section 
and  length  causing  the  break  in  the  braid  .  It  was  therefore  decided  to  compress  the  length  of  the  braid 
(bunching)  to  give  a  greater  degree  of  flexibility  to  absorb  this  shrinkage.  The  brass  cuff  tag  and  the 
annealed  copper  apsde  tag  at  the  shield  end  are  silver  soldered  with  Easy-Flow  No. 2  and  both  tags  slotting 
inside  of  the  braid,  as  shown  in  Fig*2.4 

To  obtain  airworthiness  approval  for  a  limited  number  of  flying  hours  for  the  composite  rotor  blade 
the  split  tag-method  shown  above  was  employed  in  a  complete  blade  and  tests  undertaken  to  assess  the  integ¬ 
rity  of  the  tip  plate,  carbon  skins,  erosion  shield  and  braid  assembly.  It  was  planned  to  start  testing 
with  a  low  severity  strike  and  work  up  to  a  severe  level  in  increments,  but  only  two  strikes  were  performed 


as  detailed i- 

1st  Strike 

2nd  Strike 

Peak  Current 

36  kA 

116  kA 

Action  Integral 

0.09  x  10“6A2secs 

0.77  x  10~^A2aecB 

Rise  Time 

24  ms 

27  ms 

Total  Duration 

200  ms 

300  ms 

Following  the 

first  strike, slight  delamination  had  taken  place  at 

the  erosion  shield,  and  the 

copper  braid  had  deformed.  On  the  application  of  the  second  strike  considerable  damage  occured  which 
gave  rise  to  the  decision  to  strip  the  blade  before  proceeding  further. 

The  erosion  shield  was  carefully  prised  from  the  blade  and  the  tip  cap  was  unbolted  and  removed 
followed  by  an  investigation  of  the  full  extent  of  the  damage. 

Debonding  of  the  erosion  shield  had  occurred,  caused  by  ionization  and  subsequent  explosion  of  the 
air  gaps  between  adjacent  balance  weights  situated  between  the  erosion  shield  nnd  the  composite  moulding. 
Carbon  deposits,  the  debris  from  these  explosions,  are  evident  in  these  areds.  Only  a  very  small  area 
(c.  1 CflO  of  the  original  shield  blade  bond  remained  intact  after  the  second  blost. 

Vaporization  of  the  free  earthing  braid  between  its  tag  and  the  braid  surface  had  taken  place 
(Figs  2.5  and  2.8).  Severe  damage  to  the  rivets  holding  the  braid  to  the  erosion  shield  through  the 
copper  fusable  link  had  also  occurred  together  with  some  vaporization  of  the  eroBion  shield  nt  \ti< 
extremity  (Fig  2.11).  Eventually,  small  holes  had  been  blown  in  the  erosion  shield  at  the  locations 
where  it  had  debonded  from  the  blade  after  the  first  blast.  Thus  these  holes  were  considered  a  cumulative 
effect  (see  Fig.  2.1l), 

The  rivets  attaching  the  tip  cap  insert  to  the  blade  were  slightly  damaged  (Figs.  2.7  and  2.11) 
and  there  was  evidence  of  the  burning  of  the  P.R.  1221  sealant  at  the  tip  cap/insert  interface. 

No  massive  structural  damage  had  been  incurred  by  the  composite  section  of  the  blade  as  the  majority 
of  the  current  had  been  carried  by  the  more  conductive  erosion  shield.  The  only  damage  present  the 

small  cracks  in  the  carbon  si; in  around  the  rivets,  which  attached  the  tip  cap  insert  to  the  blade,  and  the 
localised  scorching  of  the  glans  composite  directly  beneath  the  positions  where  arc-ing  between  the  lead 
balance  weights  had  taken  place. 

It  was  concluded  that  the  structuial  strength  of  the  blade  had  not  been  affected  to  any  significant 
extent  but  the  erosion  shield  would  not  stay  attached  to  the  blade  under  flight  conditions  following  a 
severe  lightning  strike. 

Further  improvements  to  the  lightning  strike  protection  schemes  for  the  composite  blades  are  being 
investigated  ia  particular  the  use  of  a  'one  piece  lead1,  leading  edge  balance  weight  which  is  cast  integ¬ 
ral  with  a  one  piece  copper  tag,  giving  an  area  of  contact  of  span.  The  remainder  of  the  2<!"  long  tag 
is  riveted  to  the  erosion  shield  which  has  a  tong  reduced  in  length  from  the  original.  The  protruding 
section  of  tag  has  a  6mm  braid  (C.S.A.  4.5mm-)  held  to  it  by  a  crimp  connector.  This  braid  will  be  bunched 
along  its  9"  span  and  held  to  the  inner  cuff  eye  tog  by  another  crimp.  The  braid  is  restrained  along  its 
span  with  adhesive  to  the  blade.  It  is  expected  by  these  changes  to  present  3  pothr,  for  the  strike  - 
shield,  lead  and  the  carbon  Trailing  Edge  skins  so  reducing  the  amount  of  current  in  each  component  and 
the  one  piece  lead  should  assist  in  reducing  damage  to  the  erosion  shield  as  internal  arcing  will  be 
minimised. 

Tooling  for  casting  this  lead  is  being  produced  and  c  vest  blade  allocated.  It  i^rogrammed  to 
undergo  full  threat  lightning  strike  testa  in  the  near  future. 

3.  DISCUSSION  OF  THE  IMPLICATION'S  OF  THE  RESULTS  OF  SHIELDING  MEASUREMENTS  ON  A  C.F.C.  FUSELAQE  SECTION 

In  addition  to  measurements  of  the  resistance  of  carbon  fibre  samples  in  the  laboratory,  shielding 
measurements  have  been  carried  out  (1)  on  a  mock-up  front  fuselage  section  constructed  entirely  of  C.F.C. 

The  results  were  compared  with  identical  measurements  carried  out  on  a  similar  structure  made  from  alumin¬ 
ium.  In  order  to  comment  on  the  implications  on  the  Aerospace  industry  of  these  results  a  brief  summary 
of  the  results  is  given. 

’  .1  A  Summary  of  the  Shielding  Results 

Measurements  of  magnetic  field  shielding  over  the  frequency  range  1-150  MHz  revealed  that  the  C.F.C, 
fuselage  exhibited  lower  shielding  in  comparison  with  the  aluminium  fuselage  below  10  MHz.  The  largest 
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difference  occurred  at  the  lowest  frequency  (1  MHz)  showing  the  C.F.C.  fuselage  to  have  20dB  less  shielding 
effectiveness  than  the  aluminium  fuselage. 

Comparison  of  electric  field  shielding  for  the  two  fuselages  indicates  very  little  difference  in 
performance  across  the  band  1  MHz  to  100Hz. 

These  results,  although  useful  as  a  first  indication  of  any  severe  differences  in  performance 
between  aluminium  and  C.F.C. ,  should  be  viewed  with  caution.  Shielding  Effectiveness  can  only  be  quoted 
quantitatively  in  absolute  terms  with  reference  to  an  infinite  sheet,  or  more  practically,  as  a  finite 
sheet  forming  part  of  the  wall  of  a  totally  enclosed  volume. 

Although  the  C.F.C.  structure  was  essentially  totally  enclosed  and  therefore  topologically,  behaving 
as  an  infinite  sheet,  the  fuselage  was  constructed  as  a  carbon  fibre  aircraft  would  be  at  the  present  time. 
Thee  was  therefore  many  slots  and  holes  in  the  structure.  These  became  resonant  apertures  at  U.H.F.  and 
microwave  frequencies  and  the  characterise  ce  of  these  become  the  dominant  influence  on  the  results  at 
these  frequencies.  Differences  in  performance  between  tho  aluminium  and  C.F.C.  fuselage  in  the  U.H.F. 
band  and  above  could  be  attributed  to  differences  in  the  apertures  between  one  fuselage  and  another. 

Although  a  great  effort  was  made  to  ensure  the  fuselages  were  identical  it  is  unreasonable  to  expect  no 
geometrical  differences. 

Although  the  fuselages  were  representative  in  shape,  of  a  typical  aircraft  design  they  did  not 
include  any  typical  bay  doors  or  hatches.  It  is  these  which  provide  the  limitation  to  shielding  effective¬ 
ness  of  a  complete  aircraft.  The  shielding  results  obtained  therefore  are  somewhat  higher  than  can  be 
expected  in  practice. 

3.2  The  Implications  of  the  Results 

Because  of  the  limitations-  of  the  measurements  as  outlined  above,  the  results  fall  between  two 
ideals.  At  one  extreme,  the  results  are  r.ot  quantitative,  absolute  measures  of  shielding  effectiveness, 
at  the  other,  the  fuselage  has  a  better  performance  than  could  be  expected  from  a  final  airframe  design. 

The  results  however  are  useful  in  confirming  (or  otherwise!)  some  initial  misgivings  about  the 
E.K.C.  implications  of  using  a  high  percentage  of  C.F.C.  in  a  future  aircraft.  These  can  be  summarised 
as  follows. 

The  shielding  afforded  by  a  C.F.C.  fuselage  at  V.H.F.  and  above  can  be  expected  to  be  very  similar 
to  that  obtained  in  a  metal  airframe  providing  care  is  taken  over  the  design  and  bonding  of  bay  doors  and 
removeable  panels.  As  an  extension  to  this  and  reinforced  by  the  results  of  some  antenna  uieaauremente 
carried  out  at  R.A.E. ,  Farnborough  (2).  The  installation  and  satisfactory  operation  on  a  C.F.C.  fuselage 
of  antennas  at  V.H.F.  and  above  is  not  anticipated  to  be  a  serious  problem,  providing,  a  careful  bonding 
procedure  is  followed. 

The  area  for  most  concern,  highlighted  by  the  shielding  measurements  is  the  poor  shielding  effective¬ 
ness  of  C.F.C.  at  frequencies  in  the  H.F.  band  and  below.  Modern  strike  aircraft  with  a  low  attitude 
capability  are  required  not  only  to  operate,  without  interference  problems,  in  the  a  ear-field  of  H.F. 
antenna  but  also  to  communicate  effectively  with  a  distant  ground  station.  This  requirement  must  be 
fulfilled  by  an  on-board  H.F.  transceiver.  The  installation  of  such  a  system  on-board  a  C.F.C.  aircraft 
would  create  enormous  problems  with  interference  with  flight  Bafety  critical  avionics  and  it  is  question¬ 
able  whether  an  efficient  antenna  cystem  could  be  built  into  such  an  aircraft.  Present  systems  (i.e.  the 
H.F.  botch*  )  rely  heavily  on  excitation  of  the  whole  airframe  in  order  to  launch  an  electromagnetic  wave. 

The  poor  conductivity  of  C.F.C.  would  make  this  approach  impossible. 

4.  D.C .  CONDUCTIVITY  OF  CARBON  FIBRE,  COMPOSITE  SAMPLES 

It  was  decided  that  the  E.11.C.  laboratory  at  British  Aerospace,  Warton  should  carry  out  an  investiga¬ 
tion  into  the  conductivity  of  various  Carbon  Fibre  Composite  (C.F.C.)  samples  prepared  by  the  C.F.C. 
manufacturing  facility  at  BAe,  Preston. 

The  aim  of  the  investigation  was  to  establish  the  effect  on  conductivity  of  the  number  and  orientation 
of  the  carbon  fibre  layers  within  the  samples.  This  section  of  the  paper  describes  those  measurements  cud 
the  theory  developed  which  gives  good  agreement  between  theoretical  and  practical  results. 

4.1  Conduction  of  Direct  Current  Through  C.F.C. 

The  form  of  carbon  fibre  composite  material  is  such  that  the  conductivity  of  d\  given  sample  is  not 
homogeneous.  In  the  case  of  a  metal  sample  the  conductivity  is  essentially  the  sam^  for  any  direction  of 
current  flow  through  the  sample.  If  conductivity  measurement*  are  made  on  a  square  sheet  of  C.F.C.  of 
'n*  layers  orientated  such  that  all  the  fibres  are  parallel  then  two  different  conductivities  would  be 
obtained  depending  on  the  direction  of  current  flow  relative  to  the  direction  of  the  fibres.  The  situation 
is  summarised  in  Fig.  4.1. 

In  this  discussion,  the  analysis  will  concentrate  on  the  conduction  of  current  in  the  plane  of  the 
fibres  although  at  certain  points  of  the  analysis  the  possibility  of  current  conduction  perpendicular  to 
this  plane  is  used. 

4.2  Conduction  of  Current  Along  the  Carbon  Fibres 

Simply,  the  'n'  layer  sample  can  be  represented  by  'n'  parallel  resistors  of  equal  value,  as  shown 
in  Fig.  4.2.  Although  conduction  between  layers  enn  take  place  (see  later)  the  potential  between  layers 
at  adjacent  points  in  this  case  is  negligible  therefore,  for  this  mode  of  conduction  current  flow  between 
layers  can  be  ignored. 
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The  resistance  ftp  measured  along  the  fibres  of  an  'n'  layer  sample  is  given  by;- 
R1 

Hr-—  (4.2.1) 

where  is  the  resistance  along  the  fibres  of  each  layer. 

The  conductivity  is  given  by:- 


•o  "  S}T  B  p  (4‘2‘2> 

where  '1'  is  the  conduction  path  length  and  A  is  the  conduction  cross-section. 

4.3  Conduction  of  Current  Across  the  Carbon  Fibres 

This  case  can  be  treated  in  exactly  the  same  way  as  conduction  of  current  along  the  fibres,  however, 
for  conduction  in  a  direction  perpendicular  to  the  fibres,  the  resistance  of  each  layer  R^  is  much  greater 
then  the  resistance  R^  along  the  fibres. 

.*.  0  -  TTT  (4.3.1) 


4.4  Conduction  of  Current  at  45°  to  the  Direction  of  the  Carbon  Fibres. 

For  most  practical  applications  in  the  aerospace  industry,  sheets  of  C.F.C.  will  consist  of  a 
number  of  layers  of  various  orientations.  If  attention  is  restricted  to  combinations  of  0°,  90°  and  +,  45° 
orientations  this  covers  the  majority  of  the  likely  lay-up  combinations  to  be  used  in  the  near  future. 

The  0°  and  90°  orientations  can  bn  treated  as  described  in  the  previous  two  sections.  The  ,+45°  orientation 
requires  a  more  complex  treatment. 

Consider  the  case  of  no  fibres  connecting  directly  between  sides  AB  and  A'B'  as  shown  in  Fig.  4.3. 

If  AB  is  at  potential  V-|  and  A'B1  is  at  zero  potential,  the  variation  of  voltage  is  assumed  to  be  exponential 
in  the  plane  parallel  to  the  y-axis.  The  potential  variation  along  a  line  parallel  to  the  y-axis  is  as 
shown  in  Fig.  4.4.  The  analysis  is  fairly  lengthy  and  is  described  in  detail  in  an  internal  BAe  report 
(ADN  9006/3)  .  For  conipletaness  it  will  be  outlined  below. 

Using  equations  for  potential  gradient  across  the  diagonal  a  relationship  can  be  formed  between 
current  density  near  the  centre  of  the  panel  and  the  potential  across  the  panel. 

By  integrating  the  current  density  along  the  diagonal,  the  total  current  flow  through  the  panel 
due  to  the  voltage  V.  can  be  found,  hence  an  expression  for  the  resistance  of  a  single  layer  of  +45* 
orientated  CFG  is  given  byi- 

R[,_  «  K^R.  where;  R-*  Pt  and  K= 

5  i  t  e» 

4.5.  Conduction  in  +  45* Orientated  Layers 

In  the  manufacture  of  composite  materials  ,  45'laywrs  are  found  in  +45"pairo.  Consequently  consider 
a  i45°panel  as  shown  in  Fig.4.5. 

The  majority  of  fibres  in  layer  *± ’ ,zone  A1  nil),  be  at  or  near  potential  V  .  The  majority  of  fibres 
in  layer  i+1  in  zones  Ap  and  B  will  be^at  or  naar  zero  potential.  The  two  layers  are  connected  with 
transverse  resistivity  ~  over  in  area  aV4  and  mean  path  length  't'.  The  resistance  of  this  interlayer 
connection  acts  in  series  with  the  resistance  along  the  fibres.  The  conduction  path  is  shown  in  Fig.4.6. 

The  resistance  of  this  path  acts  in  parallel  with  the  intrinsic  layer  resistance  Rj_  .The  equivalent  circuit 
is  shown  in  Fig.4.7,  analysis  of  this  circuit  leads  to  the  following  expression  for^the  resistance  of  a  +45 
orientated  layer  pairt- 

*1,1  1 

Rj,  Kvr  2  +  4Kt 


Using  values  from  Table  4  it  can  be  atated  thats- 

R,  «  0.96R1 


12-10 


m  mu  mmmv. 


In  other  words  the  resistance  of  a  square  +,  45°  layer  pair  is  similar  to  the  resistance  of  a  single 
layer  of  the  same  dimension. 

4.6  Measurement  Technique 

Square  samples,  50  x  50  mm  were  prepared  in  four  thicknesses  of  4,  1?,  16  and  24  layers.  The  lay-up 
orientations  produced  for  each  sample  thickness  are  summarised  in  Table  4.  These  orientations  were  chosen 
as  typical  material  to  be  used  in  a  future  airframe. 

The  square  samples  were  prepared  as  shown  in  Fig.  4.8.  Connection  to  the  sample  was  made  via  a 
"wrap-around"  layer  of  flame-sprayed  copper  as  shown. 

The  resistance  between  the  prepared  ends  was  measured  using  a  Sullivan  Milliohmeter  (Type  6666) 
which  uses  the  four-point  measurement  technique.  The  basic  principle  of  the  method  is  to  pass  current 
through  the  sample  from  one  contact  to  the  other  whilst  measuring  the  voltage  developed  across  the 
sample  between  two  contacts  coincident  with  the  current  source  contacts.  The  system  is  shown  in  Fig.  4.9. 

Ten  samples  of  each  thickness  lay-up  combination  were  measured  (i.e.  120  separate  measurements). 

The  resistance  values  for  the  uarae  type  of  sample  were  averaged  to  give  average  resistance  values  for 
each  thickness/lay-up  combination. 

4.7  Treatment  of  Results 

As  stated  in  Sections  4.2  and  4.3,  because  of  the  nature  of  C.F.C.  material  ,  conduction  through  it 
can  be  treated  as  conduction  through  'n*  parallel  resistors  where  'n*  is  the  number  of  layers  of  carbon 
fibre. 


Ideally  the  'n'  resistors  would  all  have  equal  value  in  a  situation  where  contact  to  the  C.F.C.  was 
made  exactly  at  the  end.  In  practice  this  was  not  the  case.  The  end  contacts  for  the  C.F.C.  samples  were 
as  shown  in  Fig.  4.$. 

It  can  be  seen  that  effectively  the  resistance  of  the  top  and  bottom  layer  is  reduced  by  the  flame- 
sprayed  copper  strip. 


In  practice,  the  total  resistance  ft?  of  a  sample  of  'n'  layers  all  orientated  in  the  same  direction 
is  given  by 


1 

% 


(n  -  2)  2 

— r - +  -r- 


1  i 

where  R*  is  the  resistance  of  the  top  and  bottom  layer  and  is  related  to  R?  by 
4R 

K,  =  — -  (from  Fig.  4.9) 

X  5 

This  assumes  that  copper  is  a  short  circuit  by  comparison  with  C.F.C. 

From  equation  (4.7.1) 

ft1  =  (n  ♦  0.5)  H't 

Therefore  the  actual  conductivity  of  the  square  sample  beccmes 


(n  +  0.5)R'Tt 


(4.7.1) 


(4.7.2) 


(4.7.5) 


(4.7.4) 


wh^re  * t *  is  the  thickness  as  shown  in  Fig.  4.Q.  and  R'^  is  the  actual  resistance  measured. 

Equation  (4.7.4)  applies  to  all  square  samples  in  which  the  layers  are  all  orientated  in  the  same 
direction  (i.o.  'a'  type  samples  as  in  Table  4). 

For  samples  consisting  of  ni  layers  whose  fibres  are  orthogonal  to  the  other  ng  layers  a  different 
correction  faotor  must  be  derived. 

A  sample  of  the  ’ b ’  type  (Table  4)  with  flame  sprayed  contacts  can  be  represented  by 


1 

ftj 


(n.j  -  1) 


<n2  -  1) 


(4.7.5) 


where  n^  is  the  number  ofj  layers  parallel  to  current  flow, 
and  i>2  is  the  number  of  layers  orthogonal  to  current  flow. 
From  the  results  it  is  clear  that  R-l  »  R, 
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.*.  For  *>  n2 


(n.,  +  0.25) 


R 


1 


i.B. 


O 

0,90  ' 


(n1  +0.25) 


(4.7.6) 


The  final  type  of  sample  investigated  was  of  the  form  0°n.,  90°n?,  +,  45°p,  where  • p •  was  the  number 
of  _+  45°  layer  pairs. 

From  Section  4.7  it  is  clear  that  a  sample  of  this  form  can  be  treated  as  n  parallel  combination  of 
n-j.  layers  conducting  along  the  fibres 'and  ' p '  layer  pairs  conducting  as  described  in  Section  (4.5). 


That  is  the  measured  resistance  of  the  sample  is  given  by 
1  3.84n1  +  4p  +  0.96 

a  57PC 


(4.7.7) 


The  theoretical  resistance  of  the  sample  is  given  by 

^  (n^  +  1.042p) 

^  =  \ 

The  conductivity  of  this  type  of  sample  can  therefore  be  calculated  from  the  measured  value  of 
resistance  R^. 


3.84  (n.,  +  1.042p) 
(3.84n1  +  4p  +  0.96)  R^t 


(4  7.8) 


4.8  Results  and  Conclusions 

The  result^  of  the  measurements  are  given  in  Table  4.  It  can  be  seen  that  the  conductivity  for  all 
corresponding  sample  types  is  fairly  consistent,  with  maximum  scatter  (approximately  17$)  across  the  four 
thicknesses  occurring  in  the  unidirectional  samples.  Poor  consistency  is  displayed  by  the  conductivity 
results  of  unidirectional  samples  in  which  current  is  flowing  across  the  fibres.  This  is  thought  to  be 
due  to  variations  in  the  effectiveness  of  the  contact  made  by  the  flame-spray  in  these  cases.  However 
enough  evidence  is  given  to  show  that  Ogg  is  at  least  1000.  This  verifies  the  initial  theoretical 
assumption  that  for  a  sample  containing  0°,  ±  45°  and  90°  orientated  fibres,  current  conduction  through 
the  90°  fibres  can  be  ignored. 

The  results  also  verify  the  theoretical  treatment  of  +,  45°  layer  pairs.  Consider  the  'b'  and  'c' 
resistance  measurement  (ignoring  the  correction  factor)  for  each  thickness,  it  can  be  seen  that  the  pairs 
of  values  are  very  similar.  From  this  observation  it  can  be  concluded  that,  a  +.  45°  layer  pair  has  a 
resistance  of  similar  value  to  a  single  layer,  carrying  current  along  the  fibres. 

If  the  results  are  used  to  compare  the  resistance  of  a  sheet  of  aluminium  with  a  sheet  of  C.F.C.  of 
N,  0°  layers,  N,  90°  layers  and  2N,  45°  layers  it  is  found  that  the  C.F.C.  has  resistance  of  the  order  of 
1000  times  that  of  an  aluminium  sample  of  the  same  dimensions. 

4.9  Earthing  in  Carbon  Fibre  Composite  Airframes 

As  a  result  of  the  work  on  D.C.  conductivity  carried  out  at  BAe,  Warton  and  the  conclusions  obtained 
as  quoted  above  in  Section  4.8  it  was  decided  that  a  theoretical  study  (3)  should  be  carried  out  to 
estimate  the  weight  penalty  incurred  due  to  extra  wiring  involved  for  providing  an  earth  return  in  a  C.F.C. 
airframe. 

It  is  obvious  from  the  results  and  conclusions  of  Section  4.6  that  an  airframe  built  exclusively 
from  C.F.C.  could  not  be  used  as  an  earth  return.  If  a  modern  strike  aircraft  with  a  multi-role  capability 
is  taken  aa  the  example  on  which  to  base  the  study  It  car:  be  shown  (l)  that  the  total  earth  and  power 
cabling  in  ouch  an  aircraft  has  a  weight  of  approximately  93  Eg.  Assuming  the  maximum  power  and  earth 
return  voltage  drop  to  be  tolerated  ie  2.0V,  D.C.  and  4.0V,  A.C.  Th»  increase  in  the  weight  of  extra 
cabling  for  earthing  in  an  airframe  constructed  from  C.F.C.  would  be  of  the  order  of  2l6Kg,  This  figure 
represents  an  increase  in  total  cablo  weight  of  68$. 

If  earth  return  currents  were  accommodated  in  aluminium  bars  running  the  length  of  the  furelage, 
solely  for  this  purpose,  the  weight  increase  could  be  reduced  to  2 5Kg  assuming  the  cross-soot.1  on  of  the 
bars  wau  optimised  along  the  length,  for  minimum  weight. 

The  weight  penalty  could  be  reduced  still  further  if  a  number  of  longitudinal  structural  members 
of  the  aircraft  ware  retained  in  aluminium  alloy.  These  cov3d  then  be  used  as  tne  earth  returns  for  -tue 
majority  of  equipment.  Their  total  cross-sec tiou  would  need  to  he  greater  than  150  mm?  in  orde>-  to  carry 
power  earth  return  currents.  Care  world  have  to  be  taken  to  minimise  earth  loops  caused  by  earthing  via 
a  small  number  of  discrete  paths , 


. 


5.  CONCLUSIONS 


The  paper  outlines  the  approach,  of  two  British  aircraft  manufacturers,  to  obtaining  more  knowledge 
of  C.F.C.  as  a  material  which  may  be  useful  in  the  manufacture  of  aircraft  in  the  future. 

One  approach  is  to  follow  a  demonstrator  programme  as  highlighted  in  Sections  1,  ?  and  3.  This 
method  of  acquiring  knowledge  of  C.F.C.  is  based  on  using  the  material  in  a  practical  application  and 
learning  by  experience.  Because  we  are  still  in  the  "oerly  days"  of  learning  about  C.F.C.  it  ia  impossible 
to  use  it  in  a  situation  which  involves  flight  safety.  This  limits  the  demonstrator  programme  to  "mook-upo" 
placed  in  laboratory  simulated  situations  or  actual  aircraft  trials  which  do  not  degrade  the  flight  safety 
in  the  event  of  failure. 

The  other  approach  to  Acquiring  greater  knowledge  of  the  basic  properties  and  disadvantages  of  C.F.C. 
is  by  small  scale  experiments  on  C.F.C.  samples  in  the  laboratory  as  outlined  in  Section  4.  This  approach 
will  eventually  yield  an  in-depth,  fundamental  understanding  of  thw  electrical  properties  of  C.F.C.  With 
this  depth  of  understanding  it  would  be  possible  to  develop  theories  applicable  to  practical  cases. 

Experimental  work  with  small  laboratory  sampleB,  simplifies  the  testing  of  a  large  number  of  different 
lay-ups, surface  preparations,  bonding  techniques  etc.  however  the  time  taken  to  obtain  results  which  can 
be  of  use  in  practical  cases  is  significantly  longer  than  timescales  allow. 

The  demonstrator  programme  gives  direct  results,  however  trials  of  a  number  of  different  techniques 
is  expensive  and  inconvenient. 

The  approach  followed  by  British  Aerospace  and  Westland  Helicopters  is  a  reasonable  compromise 
wherebye  the  results  of  small  scale  laboratory  experiments  have  been  used  where  posaible  in  the  design  of 
demonstrator  items. 

From  the  work  described  in  this  paper  it  can  be  seen  that  the  major  problem  atill  in  need  of  a 
satisfactory  solution,  is  one  of  bonding.  Once  this  problem  has  been  solved  improvements  in  H.F.  shielding 
effectiveness  would  depend  solely  on  the  conductivity  of  the  materials  included  in  the  lay-up  of  the  C.F.C. 
i.e.  wire  meshes  or  aluminium  honeycombs.  Satisfactory  bonding  techniques  would  also  increase  the  feasi¬ 
bility  of  the  installation  of  on-board  H.F.  antennas. 

Another  problem  which  has  yet  to  be  addressed  is  that  of  access  panel,  edge  bonding.  As  mentioned  in 
paragraph  3.')  a  major  cause  of  fuselage  shielding  degradation  is  the  slots  and  gapa  occurring  around  the 
edges  of  access  panels.  This  problem  exists  on  aluminium  alloy  aircraft,  it  is  very  likely  to  be  signifi¬ 
cantly  worse  on  a  C.F.C.  fuselage. 

These  two  problems  will  be  investigated  via  a  combination  of  laboratory  experiments  and  demonstrator 
programmes  with  continued  close  liaison  between  the  laboratory  based  research  workers  and  the  structural 
engineers. 
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Fig.  1.3  Damage  to  standard  CFC  panel  from  zone  2a  »ests 
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Fig.  1 A  Damage  to  panel  with  flame-sprayed  aluminium 
protection  from  zone  2a  tests 


TABLE  1 


Severity  Levels  of  Zone  3  Tests 


Panel 

Peak  current 
kA 

Action  integral 
a2s 

Honeycomb 

Resistance 

Before 

Alter  j 

Aluminium  skins 

33 

0.74  x  10* 

- 

- 

with  Aluminium 

33 

0.74  x  10A 

- 

- 

Honeycomb 

37 

0.96  *  10* 

- 

- 

Standard  Aluminium 

33 

0.74  x  104 

~ 

- 

production  panel 

34 

0.92  x  10A 

- 

- 

34 

0.92  x  10A 

- 

— 

Standard  proposed 

14 

0.15  x  104 

1.25 

0.63 

CF  panel 

11 

O 

i—4 

X 

co 

o 

o 

0.63 

0.69 

18 

0.28  x  104 

0.69 

0.65 

31 

No  Record 

0.65 

0.65 

41 

1.71  x  10A 

0.65 

0.59 

Cullinm  CFRP 

22 

- 

•- 

- 

35 

1.2  x  10A 

- 

- 

35 

1.0  x  10A 

- 

- 

35 

1.1  x  10A 

- 

•• 

33 

0.8  x  10A 

- 

- 

33 

0.4  x  10A 

- 

- 

Insulating  Panel 
SRBP 

22 

- 

- 

Note,  There  was  very  little  change  in  the  honeycomb  resistance  after  the 
initial  discharge.  In  previous  work  this  pattern  has  been  observed  where 
very  small  currents  have  flowed  in  the  honeycomb.  Examination  by  sectioning 
and/or  mechanical  testing  of  samples  showing  this  type  of  resistance  change 
has  always  revealed  minor  change  only  to  the  honeycomb  nodes,  the  level  of 
which  has  always  been  too  low  to  afford  performance,  or  be  detectable  by 
non-dcsfuctive  testings. 
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TABLE  2 

Table  *•  e  Zone  2a  Test  Current  Parameters  and 
Damage  Sustained 


Panel 

•Comp  one  nc  D 

Component  B 

Damage 

Peak  current 
kA 

Action  Integral 
A2, 

Peak  current 
kA 

Coulombs 

C 

Standard 

Proposed 

CFRP 

100 

1  x  105 

2.7 

40 

IS  mm  diameter  hole  in  top  skin. 
Erosion  of  a  few  honeycomb  cells. 

Small  number  of  broken  fibres  over 

120  mm  diameter  area. 

No  damage  to  back  skin. 

CFRP 

with  flame 

sprayed 

Aluminium 

100 

1.2  x  105 

2.8 

39 

Erosion  of  aluminium  over  100  mat 
diameter  area.  Slight  scorching 
of  top  skin.  No  other  observed 
damage . 

CFRP 

with  Alum¬ 
inium  foil. 

100 

1.1  x  105 

2.7 

40 

Erosion  of  aluminium  foil  over 

40  am  diameter  area.  Damage 

to  foil  where  it  formed 
overlap  joints.  Slight  scorching 
of  CF  skin.  No  other  damage. 

CFRP  with 

Stainless 

steel  mesh 

100 

1.1  x  105 

2.7 

34 

Patches  of  eroded  mesh,  largest 

30  mm  diameter.  Minor  damage 

to  CFRP  in  one  area.  No 

damage  to  back  of  panel. 

Aluminium 

with  Honey¬ 
comb. 

110 

1.3  x  10* 

39 

Puncture  of  top  skin  in  two 
places  (2  ma  diameter  holes) . 

tracks  over  surface. 

X- RESULTS  TAKEN  FROM  PREVIOUS  EMC  CHECKS 
O- CARBON  FIBRE  PANEL  CHECKS  ON  AIRCRAFT 


rig.  1.7  Comparison  of  test  results 


Fig. 2.1  Composite  tail  rotor  blade 


Fig. 2. 3  Connection  between  erosion  strip  and  rotor  boss  —  angled  connection 


zone  B 
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CONDUCTIVITY  MODIFICATION  OP  BORON  FIBERS 

Richard  Y.  Kwor  and  Carlos  Alberto  Paz  de  Araujo 
Department  of  Electrical  Engineering,  University  of  Notre  Dame 

Notre  Dame,  IN  46556 


SUMMARY 


Boron  fibers  have  high  specific  strength  and  specific  modulus,  and  are  widely  used 
in  advanced  composite  materials.  Its  weakness  lies  in  the  low  d.c.  conductivity.  Two 
possible  ways  of  increasing  the  fiber  conductivity  to  alleviate  electromagnetic  effects 
are  investigated.  The  first  is  the  doping  of  boron  fiber  using  high  temperature  carbon 
diffusion.  It  is  found  that  if  the  temperature  is  kept  low  enough  not  to  deteriorate 
the  mechanical  properties  of  the  fiber  (<  850°C)  then  there  is  no  conductivity  enhance¬ 
ment  even  after  24  hours  of  heat  treatment.  The  second  method  is  to  electro-plate  the 
boron  fiberb  with  Ni.  Plated  near  room  temperature,  the  Ni  forms  a  thin  sheath  around 
the  boron  fiber  which  retains  its  superior  mechanical  properties.  The  electrical  prop¬ 
erty  of  the  plated  fiber  is  characterized  and  the  effect  of  high  temperature  (up  to  1100°C) 
on  the  Ni-B  system  is  Investigated  using  a  scanning  electron  microscope. 

1.  INTRODUCTION 

Boron  fibers  have  been  widely  used  in  Advanced  Composite  Materials  (ACM) .  These  mate¬ 
rials  consist  of  oriented  layers  of  fibers  embedded  in  an  epoxy  matrix.  Because  of  the 
high  tensile  strength  and  high  Young’s  modulus  of  boron  fibers,  boron-ACMs  have  begun  to  be 
used  as  structural  and  surface  components  of  modern  aircraft.  The  density  of  boron  fibers 
further  enhances  its  attractiveness  for  aerospace  applications.  A  measure  of  the  true 
potential  of  a  material  for  aerospace  applications  comes  from  the  values  of  its  specific 
strength  and  its  specific  modulus  (the  strength  and  modulus  divided  by  the  density). 

The  mechanical  properties  of  boron  fibers  are  unexcelled  in  the  combination  of  the  two 
quantities  described  above.  Compared  with  graphite,  another  common  fiber  used  in  com¬ 
posite  materials,  boron  does  not  have  the  potential  hazardous  environmental  problem 
caused  by  flying  fiber  fragments. 

Boron  has  a  very  small  d.c.  conductivity  at  room  temperature.  Immediate  questions 
arise  concerning  the  shielding  effectiveness  against  electromagnetic  interference  and 
electromagnetic  pulse  effects.  Further,  because  of  its  low  conductivity,  boron  composites 
cannot  withstand  a  lightning  strike  without  damage.  A  solution  to  the  problem  of  light¬ 
ning  susceptibility  and  shielding  is  necessary  if  the  composite  material  is  to  achieve 
its  full  potential  in  aerospace  applications. 

Boron  is  a  classical  semiconductor  and  doping  techniques  could  be  used  to  enhance 
its  conductivity.  Carbon  is  a  known  dopant  which  when  in  relatively  large  quantity  can 
significantly  Increase  the  conductivity  of  boron.  This  paper  describes  the  attempt  to 
dope  boron  fiber  with  carbon  at  temperatures  up  to  900°C.  Problems  associated  with  the 
process  and  the  reason  for  its  failure  will  be  assessed. 

The  second  approach  of  increasing  the  conductivity  of  the  composite  material  is  to 
cover  the  fiber  with  a  conductive  coating.  Among  several  candidate  metals,  nickel  (Ni) 
is  the  moat  attractive.  It  forms  a  strong  bond  with  the  boron  fiber  and  makes  an  ex¬ 
cellent  electrical  contact.  If  the  Ni  coating  is  thin,  there  will  be  no  mass  density 
Increase  problem.  Furthermore,  Ni  is  ferromagnetic.  Its  high  permeability  can  Improve 
the  shielding  effectiveness  of  the  composite  material..  The  Ni  coating  technique  using 
electroplating  and  the  conductivity  measurement  of  the  Ni-clad  boron  fibers  will  be 
presented  here,  along  with  a  study  of  the  temperature  effect  on  the  Ni-B  system. 

Ail  the  boron  fiber  specimens  employed  for  this  work  were  supplied  by  AVCO  Systems 
Division  with  a  nominal  diameter  of  8  mil  (203pm).  These  fibers  were  chemically  vapor 
deposited  by  hydrogen  reduction  of  boron  trichloride  on  a  resistively  heated  tungsten 
wire  substrate  of  approximately  20  pm  in  diameter.  We  hereby  refer  to  these  fibers  as 
B-W  fibers. 


2.  EXPERIMENTS  ON  CARBON  DIFFUSION  IN  BORON  FIBERS 

2.1  General  Background 

Early  alloying  experiments  showed  that  carbcn  dissolves  rapidly  in  molten  boron. 
(HAGENLOCHER,  A.,  1959,  I960)  With  3S  of  carbon,  the  conductivity  of  boron  increases 
by  two  orders  of  magnitude  at  room  temperature.  In  other  investigations,  appreciable 
carbon  diffusion  into  boron  at  2035°C  (still  below  the  melting  point  of  boron)  was  ob¬ 
served.  (GEIST,  D. ,  1965)  Carbon  diffusion  at  a  much  lower  temperature  range  has  also 
been  reported.  (STERN,  D.  R.  and  LYNDS,  L. ,  1958)  In  experiments  of  hydrogen  reduction 
of  BCI3  on  heated  graphite  fibers,  the  surface  temperature  of  the  fiber  was  only  in  the 
range  of  1030°-1125°C,  yet  the  carbon  concentration  in  the  deposited  boron  reached  as 
high  as  . 4 5t .  These  results  were  encouraging  for  the  prospect  of  doping  boron  fiber  with 
carbon  to  increase  its  conductivity.  However,  due  to  the  special  properties  of  the  B-W 
fiber,  experiments  of  carbon  diffusion  in  she  boron  fibers  must  be  limited  within  the 
temperature  range  where  the  mechanical  properties  ot'  the  fiber  are  not  degraded  by 
heat  treatment.  Such  a  degradation  for  B-W  fibers  is  well  known  and  reported  by  several 
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researchers.  (GILLESPIE,  J.  S. ,  1966;  WAWNER,  F.  E. ,  196V;  THORNTON,  H.  R.,  1968)  The 
B-W  fibers  have  an  "amorphous"  or  glassy  structure  described  in  several  literatures 
(LAUBENGAYER,  A.  W.  et  al,  1943;  TALLEY,  C.  P.  et  al,  I960;  GILLESPIE,  J.  S.,  1966; 

WAWNER,  F.  E.,  1967;  LINDQUIST,  P.  F.  et  al  1968).  It  was  suggested  that  the  fiber 
structure  is  not  genuinely  amorphous.  Instead,  it  is  a  structure  composed  of  microcrystals 
(20a  -  30a)  distributed  throughout  the  microcrystalline  matrix.  The  identifications  of 
these  microcrystals  vary.  Both  a-  and  B-  rhombohedral  modifications  of  boron  have  been 
suggested.  (HOARD,  J.  L.  and  HUGHES,  R.  E. ,  1967;  OTTE,  H.  M.  and  LIPSITT,  H.  A.,  1975) 
Submlcron-size  Inclusions  of  well-crystallized  a-  and  B-  rhombohedral  boron,  distributed 
throughout  the  microcrystalline  matrix,  indicate  the  tendency  of  the  boron  to  establish 
greater  long-range  order.  Because  of  this  unique  structure  of  the  fiber,  some  transfor¬ 
mation  takes  place  at  elevated  temperatures.  The  critical  temperature  for  the  transfor¬ 
mation  lies  somewhere  between  600°C  and  980°C,  depending  on  the  ambient  atmosphere  and 
the  surface  condition  of  the  fiber.  And  the  nature  and  rate  of  transformation  depend  on 
the  ambient,  heat  treatment  duration,  temperature  and  surface  condition  of  the  fiber. 

The  surface  of  the  B-W  fiber  transforms  to  the  macrocrystalline  structures  at  or  above 
the  critical  temperature,  thus  weakening  its  mechanical  properties.  At  or  above  1300°C 
the  transformation  is  predominantly  $-  rhombohedral.  (DICARLO,  J.  A.,  1975)  The  surface 
crystals  formed  between  the  critical  degradation  temperature  and  1300°C  has  not  been 
completely  identified. 

Fiber  degradation  was  observed  in  our  diffusion  experiments.  The  critical  temperature 
was  near  900°C  at  pressures  slightly  below  10”5torr.  The  SEM  micrograph  (Fig.  la)  shows  ,,r 
the  macrocrystalline  structure  on  the  degraded  boron  fibers.  The  picture  of  an  untreated' 
fiber  is  shown  in  Fig.  lb  for  comparison.  A  series  of  experiments  were  done  to  investigate 
possible  carbon  diffusion  below  the  fiber  degradation  temperature.  They  will  be  described 
in  detail  in  Section  2.3. 

2.2  Method  of  Conductivity  Measurement 

Various  contacting  methods  have  been  used  in  the  electrical  measurement  of  boron: 
platinum  contacts,  (DIET! ,  W.  and  HERRMANN,  H. ,  1965)  fused  platinum,  (GREINER,  E.  W. 
and  GUTOWSKI,  J.  A.,  1957)  tungsten  tip,  (SHAW,  W.  C.  et  al,  1957  fused  silver,  (NF.FT ,  W. 
and  SEILER,  K.,  1965)  and  alloyed  gold  (GEIST,  D.,  1965).  In  our  experiments,  a  simple 
and  reliable  way  was  used — electroplated  Ni.  Electroplated  nickel  adheres  strongly  to 
the  surface  of  the  boron  fiber  and  provides  an  excellent  ohmic  contact  to  the  fiber. 

Besides  being  simple  and  easy,  the  process  makes  Jt  possible  to  control  the  geometry  of 
the  contact  area.  This  is  important  in  the  calculation  of  the  fiber  conductivity.  The 
plating  technique  and  bath  composition  will  be  described  briefly  in  a  later  section  of 
this  paper.  Detail  information  on  the  plating  can  be  found  in  the  reference.  (ARAUJO, 

C.,  1979)  To  find  the  conductivity  of  the  fiber  sample,  Ni  sheath  of  1  c.m  length  was 
plated  on  both  ends  of  the  fiber.  The  tungsten  core  of  the  fiber  is  much  more  conductive 
than  the  boron.  In  order  to  relate  the  measured  conductance  to  the  conductivity  of  boron 
the  core  was  isolated  from  the  nickel  plating  by  covering  the  fiber  tips  with  Apiezon-W 
wax,  as  shown  in  Fig.  2a.  As  described  elsewhere  (GAJDA,  W.,  KWOR,  R. ,  and  ARAUJO,  C., 

1979)  the  conductivity  of  boron  is  given  by: 

v  -  (I)[±nlR/al) 

where  V  is  the  applied  voltage,  I  is  the  measured  current,  L  is  the  length  of  the  sheath, 

R  is  the  radius  of  the  fiber  and  a  is  the  radius  of  the  tungsten  core.  (Fig.  2)  The 
conductivity  of  sample  fibers  were  found  before  and  after  diffusion  experiment  to  see  if 
there  was  any  improvement. 

2.3  Experiments 

The  sample  fibers  in  our  experiments  were  purchased  from  AVCO  Corp.  and  the  fiber 
diameter  is  8  mils  (203  pm).  All  the  sample  fibers  were  cut  into  a  length  of  7  cm  which 

we  found  to  be  a  convenient  length  to  work  with.  A  critical  factor  for  repeatable  re¬ 

liable  measurements  of  conductivity,  especially  in  the  electroplating  technique,  is  a 
clean  boron  surface.  The  sample  fibers  were  first  subjected  to  a  routine  organic  solvent 
cleaning  cycle  in  an  ultrasonic  cleaner:  Trichloroethylene,  acetone,  methanol  and  de¬ 
ionized  (DT. )  water.  They  were  then  dipped  in  hot  concentrated  sulfuric  acid  for  5  min. 

(90°  -  100°C ) .  This  hot  surfuric  bath  removes  surface  oxides  and  contaminations  (ELLIS, 
ft. •  i960).  After  a  thorough  rinse  in  DI  water,  these  fibers  were  then  blown  dry  with  pure 
nitrogen.  Several  control  fibers  were  then  plated  with  Ni  and  their  conductances  were 
measured.  The  remaining  fibers  were  divided  into  three  groups.  The  fibers  in  Group  I 
were  covered  with  a  suspension  of  pure  powdered  graphite  in  DI  water  and  those  from  Group 

II  were  coated  with  PELCO's  #1603-15  colloidal  graphite  (aqueous  base)  solution,  Group 

III  were  just  of  plain  clean  fibern,  After  those  coated  fibers  had  been  dried  under  an 

Infrared  heat  source,  they  were  loaded  individually  into  the  quartz  tube  in  a  furnace. 

The  tube  was  then  evacuated  to  10~5  torr  prior  to  heat  treatment.  Temperatures  ranging 
from  80C°C  to  1000°C  were  used.  Three  heating  periods  were  chosen:  6  hours,  12  hours 
and  24  hours.  The  residual  carbon  on  the  heat  treated  samples  was  subsequently  cleaned 
in  an  ultrasonic  bath  and  the  fibers  were  Ni-plated  for  conductivity  measurement. 

2.4  Discussion  of  Results 

All  the  1000°C  treated  fibers  and  some  of  the  950°C  treated  ones  showed  severe  sur¬ 
face  aigradation.  These  fibers  became  very  fragile  and  difficult  to  handle.  Little 
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degradation  was  found  on  samples  heat  treated  at  900°C.  However,  there  was  no  clear 
indication  of  any  increase  in  conductivity  for  graphite  coated  samples  from  both  Group  I 
or  Group  II.  Measured  resistances  for  these  fibers  varied  from  1000  0  to  2000  ft,  com¬ 
pared  with  the  800  n  for  the  Group  III  Control  samples.  (The  maximum  variation  of  the 
resistance  for  the  control  samples  was  less  than  8£.)  The  data  did  not  show  any  consistent 
difference  between  the  first  two  groups .  We  believe  that  carbon  diffusion  in  boron  fibers  was 
not  appreciable  at  this  temperature  range.  We  arrived  at  this  conclusion  partly  because 
of  the  results  from  our  experiments,  partly  because  of  the  lack  of  other  research  results 
contradictory  to  ours.  In  comparison,  Hagenlocker ' s  and  Geist's  experiments  were  done  at 
a  much  higher  temperature  and  the  high  carbon  diffusion  rate  can  easily  be  explained. 

On  the  other  hand,  the  carbon  movement  into  boron  in  Stern  and  Lynda'  experiment  might 
not  be  due  to  simple  diffusion  since  chemical  reactions  were  involved.  (However,  the  re¬ 
sults  did  suggest  a  possibility  of  improving  the  conductivity  of  the  boron  fiber  by  modify¬ 
ing  the  chemical  vapor  deposition  growth  process  for  the  fiber.)  Our  experiments  showed 
that  at  temperature  range  below  the  critical  degradation  point,  whatever  amount  of  carbon 
which  has  diffused  into  the  boron. fiber  does  not  enhance  its  conductivity.  We  do  not  see 
the  solid  state  diffusion  of  carbon  as  a  practical  means  to  improve  the  conductivity  of 
boron  fibers. 

3.  CONDUCTIVITY  ENHANCEMENT  OF  BORON  FIBERS  USING  Ni  PLATING  TECHNIQUE 

3. 1  Ni-B  System 

It  is  possible  to  Increase  the  conductance  of  the  boron  fiber  by  electroplating  them 
with  a  thin  coat  of  some  metal.  There  are  many  metals  commonly  used  for  contacts,  but 
most  of  them,  including  Cu,  In,  Pb  and  Sn  do  not  alloy  or  form  compounds  with  B  easily. 
Several  of  them  do  not  even  wet  the  boron  surface.  (HANSEN,  P.  M. ,  1958;  ELLIOT,  R.  P., 
1965;  and  SHUNK,  F.  A.,  1969)  Noble  metals  such  as  Ag,  Au  and  Pt  make  good  contacts  when 
fused  to. boron  (NEFT,  W. ,  1965;  GEIST,  D.,  1965;  GREINER,  E.  W.  ,  1957)  but  they  are  too 
expensive  for  fiber  applications.  Nickel,  on  the  other  hand,  is  one  of  few  metals  which 
alloy  and  form  compounds  easily  with  boron.  There  are  five  known  B-Ni  compounds:  B2Ni, 

BNi ,  B^Ni); ,  BNi2  and  BNig,  (MOFFATT,  W.  G.,  1977)  and  among  all  the  binary  systems  of  B» 
the  B-Ni  system  has  one  of  the  lowest  eutectic  points  (900°C,  about  81  atom  %  of  Ni). 
Meanwhile,  as  already  mentioned  before,  it  is  quite  easy  to  introduce  Ni  onto  boron  fibers 
using  electroplating  technique.  The  process  is  simple,  economical  and  reliable.  The  Ni 
electroplating  techniques  are  well  developed.  The  aspects  of  research  Immediately  related 
to  the  fiber  applications  are  then  two-fold:  to  investigate  the  property  of  Ni  contact 
on  boron  fiber  and  to  find  the  temperature  effect  on  the  Ni-B  system.  The  latter  is 
necessary  because  of  the  lack  of  information  available  in  the  temperature  range  below  the 
critical  degradation  temperature  of  the  boron  fiber. 

3.2  The  Ni  Plating  Experiments 

The  plating  solution  used  in  the  experiments  was  a  modified  Watts  Bath.  The  main 
constituents  of  a  basic  Watts  Bath  are  nickel  chloride,  nickel  sulfate  and  boric  acid. 
(METAL  FINISHING,  1979)  Some  additional  reagents  were  added  for  optimal  result.  Detail 
description  of  the  bath  and  its  preparation  technique  can  be  found  in  the  reference. 
(ARAUJO,  C.,  1979)  Temperature,  agitation,  PH  level,  anti-pitting  reagents  and  anode- 
cathode  current  density  were  carefully  controlled.  By  setting  the  bath  temperature  at 
60°C  +  2°C,  the  PH  at  ^J.5  and  plating  current  density  at  500A/M2  at  the  cathcde  (fiber), 
best  results  were  obtained.  As  briefly  mentioned  in  Section  2.3,  the  surface  of  the 
fiber  must  be  free  from  contamination.  Boron  oxide  on  the  surface  causes  uneven  plating, 
therefore,  must  be  removed  with  hot  concentrated  HgSOi)  prior  to  plating.  Due  to  the  high 
resistivity  of  the  boron  fiber,  the  „ection  of  the  boron  fiber  being  plated  had  to  be 
limited  to  5  cm  or  shorter  for  uniform  plating.  For  the  Ni-B  contact  characterization, 

1  cm.  of  Ni  sheath  (^12  urn  thick)  was  plated  on  each  end  of  the  boron  fiber  (with  the  end 
covered  with  Apiezon-W  wax  to  isolate  the  tungsten  core).  The  resistance  measurements 
showed  that  the  plated  Ni  provided  excellent  ohmic  contacts  to  the  fiber.  There  were  no 
non-linear  effects  sometimes  found  in  other  metal  contacts.  The  resistance  of  the  7  cm 
boron  fiber  with  1  era.  of  plated-Ni  as  contact  at  each  end  is  found  to  be  800ft  (+8K 
variation  for  different  samples).  When  the  entire  length  of  the  fiber  is  coated  with  4 
ym  thick  of  Ni  (W  core  not  contacted),  these  fibers  exhibit  a  resistance  of  ^ft. 

3.3  Temperature  Effects  on  Ni-covered  Boron  Fiber 

Heat  treatment  produces  various  changes  on  boron  fibers.  In  order  to  eliminate  the 
effect  of  oxidation,  the  experiment  wa3  done  in  vacuum  (approx.  10~5  torr) .  The  Ni-covered 
samples  were  heated  in  an  evacuated  quartz  tube  to  various  temperatures  ranging  from  550°C 
to  1100°C  for  6  hours.  Figure  3  shows  the  furnace  and  the  vacuum  system. 

The  heat  treated  samples  were  analyzed  using  a  scanning  electron  microscope.  In 
addition,  the  resistances  of  these  fibers  were  measured  and  compared. 

3.1*  Experimental  Results 

3.*l.a  Heat  Treatment  at  558°C 

Fibers  exposed  to  temperatures  in  this  range  show  no  apparent  change  of  surface 
characteristics.  The  "corn  cob"  or  nodular  aspect  of  the  surface  is  clearly  visible  in 
Fig.  There  is  some  evidence  of  nickel  sheath  "peeling"  away  from  the  fiber  at  some 
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locations.  This  is  believed  to  be  due  to  the  difference  in  the  coefficients  of  thermal 
expansion  of  Ni  and  B.  Underneath  the  Ni  film,  some  B  movement  into  Ni  is  seen.  The 
interaction  of  Ni  and  B  at  this  temperature  produces  compounds  at  the  interface.  The 
contact  resistance  was  found  to  have  increased.  (Please  refer  to  Table  1,  the  Summary  of 
Electrical  Measurement  Data.) 


3.lJ.b  Heat  Treatment  at  678°C 

Fig.  5  shows  four  indentif iable  regions  on  the  heat-treated  Ni-clad  boron  fiber.  In 
Region  A  the  Ni  sheath  has  moved  away  from  the  fiber  as  a  result  of  the  difference  in 
thermal  expansion.  There  is  no  Ni-B  interaction  and  the  Ni  sheath  appears  to  retain  the 
original  qualities  of  the  plated  Ni  —  smooth  and  without  crystallites.  Region  C  is  where 
the  Ni  and  B  have  been  in  direct  contact,  some  nickel  borides  form  and  crystals  are  seen 
throughout  the  entire  thickness  of  the  Ni  sheath.  Under  higher  magnification,  these 
crystals  are  clearly  visible  (Pig.  6).  Region  B  is  the  boundary  between  A  and  C.  Here 
the  nickel-rich  crystals  have  a  different  form  as  those  in  Region  C  (Pig.  7  and  8). 

Region  D  (Pig.  9)  reveals  the  interface  region  between  Ni  and  B,  similar  to  that  shown  in 
Pig.  4.  Significant  increase  in  the  conductances  of  these  fibers  occurs.  The  measured 
average  value  of  conductance  is  2.1  X  10~3  mho,  an  increase  of  40?  over  the  conductance 
of  untreated  fibers. 

3. ^.c  Heat  Treatment  at  738°C 

In  this  experiment,  thinner  Ni  sheath  (v6  urn)  was  plated.  Fig.  10  shows  that  whenever 
in  contact  with  B,  this  thin  sheath  is  completely  converted  to  nickel-boron  compounds. 

There  is  a  mass  transfer  of  B  which  has  been  in  contact  with  the  Ni.  Nodules  are  still 
evident  where  the  Ni  sheath  has  been  peeled  off  early  before  any  reaction  can  occur. 

These  Ni-B  compounds  have  increased  the  fiber  conductance  significantly.  (Table  1) 

3.4.d  Heat  Treatment  at  804°C 

We  now  return  to  the  thicker  nickel  sheath  (^12  pm  for  6  min.  plating).  The  higher 
temperature  brings  about  more  expansion  of  Ni  relative  to  B,  and  thus  the  dramatic  result 
shown  in  Pig.  11.  Pig.  12  shows  a  higher  magnification  cf  Region  B  of  Fig.  11.  Large 
crystallites  are  visible  along  with  some  unreacted  Ni  sheath.  The  average  conductance  of 
these  samples  is  3-88  X  10“3  mhos. 

3. ^.6  Heat  Treatment  at  9l4°C 

At  temperatures  above  900°C,  surface  crystal  formation  of  the  boron  fiber  becomes 
evident.  The  deterioration  of  the  mechanical  properties  of  the  fiber  is  immediate.  The 
samples  become  brittle  and  easily  shattered  (Fig.  13  and  It).  The  nickel  sheath,  on  the 
other  hand,  has  turned  into  nickel  borides  as  shown  in  Fig.  15. 

3*  4.f  Heat  Treatment  at  1011°C  and  1112°C 

At  1011°C ,  large  crystals  appear  throughout  the  boron  fiber  and  on  the  Ni  sheath. 
Severe  differential  mass  transfer  of  B  underneath  the  Ni  3heath  is  evident  in  Pig.  16. 

The  same  picture  also  shows  an  interesting  result:  there  is  no  crystal  seen  in  the  cross 
sections  broken  after  the  heat  treatment.  On  the  other  hand,  Pig.  17  shows  an  end  of  a 
fiber  treated  at  1112°C.  There  are  many  crystals  formed  on  the  cross  section  exposed 
during  heat  treatment.  This  clearly  indicates  that  the  boron  fiber  transformation  from 
"amorphous"  to  crystalline  states  is  a  surface  phenomenum.  In  this  temperature  range, 
the  surface  degradation  is  very  severe  and  cracks  sometimes  develop  in  the  Ni  sheath 
(Fig.  18  and  19).  Because  of  the  fragility  of  these  samples,  electrical  conductivity  data 
are  not  available. 

4.  CONCLUSION 

It  has  been  shown  in  this  work  that  the  simple  and  obvious  doping  technique  using 
carbon  diffusion  cannot  be  used  to  Increase  the  conductivity  of  B-W  fibers.  The  main 
limitation  is  the  deterioration  of  mechanical  properties  due  to  the  surface  degradation 
of  the  fibers.  At  10~5  torr,  this  degradation  temperature  was  shown  to  be  near  9C0°C. 

No  appreciable  carbon  diffusion  occurs  at  this  temperature  after  24  hours  of  heat  treatment. 
Since  it  is  known  that  carbon  diffusion  occurs  near  1100°C  in  the  hydrogen  reduction  of 
BCI3  on  graphite  fibers  (STERN,  D.  R.  and  LYNDS,  L. ,  1958),  two  approaches  can  be  made  in 
the  future  research  of  fiber  conductivity  modification  using  carbon.  The  first  is  to  use 
inert  gas  atmosphere  Instead  of  vacuum  for  the  ambient  of  heated  fibers.  It  was  reported 
(DICARLO,  J.  A.,  1976  and  GILLESPIE,  J.  S. ,  1966)  that  Ar  environment  offered  a  desired 
result  of  no  surface  cry  ..cal  formation  up  to  1100°C  (one  hour  treatment).  It  is  worth¬ 
while  to  perform  some  experiment  to  see  if  conductivity  enhancement  can  be  obtained  at 
1100°C  in  inert  gas  environment  such  as  Ar,  He,  N2  or  even  H2.  The  second  approach  is 
more  basic  in  nature.  In  the  early  investigation  of  pure  boron  crystal  growth,  carbon 
was  found  to  be  one  of  the  common  Inpurities,  The  chief  source  of  contamination  had  been 
the  gas  reagents  such  as  BCI3  an(^  ®Bro.  If  the  introduction  of  carbon  into  B  fiber  is 
the  main  purpose,  then  it  is  conceivable  that  some  carbon  Impurity  can  be  deliberately 
added  into  the  source  gas  and  in  the  subsequent  fiber  growth  the  carbon  can  be  incorporated 
into  the  boron  fiber  in  a  controlled  manner.  Research  in  this  direction  should  be 
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very  fruitful. 

The  study  of  Ni-clad  boron  fibers  revealed  that  Ni  makes  excellent  contact  with 
boron.  Nickel  borides  with  higher  conductivity  than  pure  boron  begin  to  form  between 
500°C  and  600°C.  The  Ni-plated  S-W  fiber  is  seen  to  have  high  conductivity.  With 
approximately  4  ym  thick  of  Ni,  the  conductance  of  7  cm.  length  of  the  8  mil  fiber  in¬ 
creases  by  a  factor  of  200.  While  this  increase  is  largely  due  to  the  Ni  sheath  itself 
rather  than  the  boron  fiber,  it  can  be  argued  that  since  the  plated  Ni  forms  a  strong 
bond  to  the  fiber,  it  can  be  considered  as  a  part  of  the  fiber.  Because  the  plating 
technique  is  a  simple  addition  to  the  existing  fiber  manufacturing  process,  this  method 
may  prove  to  be  very  attractive.  The  fiber  leaving  the  growth  furnace  can  be  fed  via  an 
In-Ga  eutectic  or  a  mercury  contact  into  a  plating  bath  near-by.  The  plating  is  done  as 
the  fiber  is  continuously  moving  through  the  solution.  Such  a  system  should  be  quite 
cost  effective  and  easy  to  operate.  The  Ni-clad  boron  fiber  can  be  a  worthy  alternative 
candidate  for  advanced  composite  materials. 
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Table  1.  Conductances  of  Heat-treated  Boron  Fibers,  (with  Ni  sheath 
at  each  end. ) 

Temperature  (°C)  time  of  heat  treatment (hrs)  G(mhos) 


as  grown 

— 

1.25  x  10 

558° 

6 

6.896  x  10 

678° 

6 

2.100  x  10 

738°(*) 

6 

5.88  x  10“ 

804° 

6 

3.508  x  10 

914° 

6 

6.536  x  10 

(*)  Different  thickness  of  nickel  was  plated  (6ym) .  All  other 
samples  have  a  thickness  of  12pm. 


.  1(b)  Untreated  "as  grown"  fiber.  (200X) 


Fi&.  3  The  furnace  and  Vacuum  System  for  Fiber  Diffusion. 


Fig.  5 


Section  of  Ni-clad  boron  fiber  heated  to  678°C  for  6  hours. 

Region  A  shows  the  Ni  sheath  retaining  its  surface  characteristics. 
Region  C  shows  places  where  the  nickel  is  in  contact  with  the  fiber. 
Region  B  is  the  boundary  of  A  and  C.  Region  D  shows  the  Interface 
between  Ni  and  B.  (200X,  65°  angle) 


Fig.  6  Region  C  of  Fig.  5  showing  crystallites  of  nickel-boron  compounds. 
(2000X,  65°  angle) 


Fig.  10  Ni-clad  fiber  heated  to  738°C,  showing  complete  conversion  of  the 
thin  (6  micron)  nickel  sheath.  (200X,  68°  angle) 


Fig.  13  At  900°C,  some  crystallites  uppear  on  the  surface  of  the  boron 


fiber.  (200X,  3°  angle) 


Fig.  14  Region  A  of  Fig.  13  at  2000X,  3°  angle. 
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Fig.  15  Ni  sheath  heated  to  914°C. (2000X,  67°  angle) 


Fig.  16 


Sections  of  Ni-clad  boron  fiber  broken  after  having  been  heat 
treated  at  1011°C.  (2U0X) 


■ .Mnii  m?r 
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Fig- 


17  Boron  recrystallization  on  the  cross-section  heated  to  1112°C. 
(200X,  75°  angle) 


Fig.  18 


Cracks  in  the  nickel-boron  sheath  heated  1U2°C.  (200X,  41°  angle) 
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DE  STRUCTURES  FERMEES  METALLIQUES  ET  EN  CARBONE 
EPOXY  SOUMISES  A  UNE  IMPULSION  DE  COURANT  TYPE  FOUDRE 

par 
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France 


RESUME 

Ca  document  prAaenta  lea  rAsultats  d'Atudae  thAoriquea  at  expArimantalas  aur  la  mAcaniame  d' induction 
dea  aurtanaions  dana  lea  cSblea  Alactriques  situAa  A  1'intAriaur  da  atructurea  fermAee,  loreque  cellaa-ci 
aont  parccuruea  par  una  impulaicn  da  caurant  type  foudra.  La  contribution  dea  deux  paramAtrea,  diffuaion 
du  courant  de  peau  at  champ  megnAtiqus  interne,  eat  miae  an  Avidanca  et  comparAa  pour  deux  typea  de 
atructura  t  alliaga  d' aluminium  et  fibre  da  Carbone. 

1  -  INTRODUCTION 


Lorsqu'un  avion  eat  foudroyA  en  vol,  l'impulaion  da  courant  Alectrique  qui  la  parcourt 
circule  gAnAralement  par  aon  ravltament  axtArieur.  Ca  revBtament,  conatituA,  jusqu'A  cas  derniirea 
annAaa  d'alliagaa  lAgera,  bona  conductaura  Alactriquea,  aaaura,  outra,  lea  fonctiona  aArodynamique 
et  mAcaniqua,  la  rAfArenca  Alectrique  de  1'aAronef.  On  comprand  dAs  lore,  qua  la  paeaage  d'una 
impulaian  de  ccurent  dana  la  atructura  eat  aueceptible  de  parturber  ou  da  modifier  le  fonctionnemant 
dea  Aquipementa  Alactriquea  et  Alactroniquaa  de  bord,  l'importanca  et  la  forme  de  cea  tranaitoiraa 
dApandant  Atroitament  dea  caractAriatiquas  Alactriquea  de  la  peau  structurala. 

L'Atude  prAaentAe  dana  le  document  aborde,  aprAa  un  rappel  aur  laa  phAnomAnes  de  tension 
induite  dana  Isa  cSblagae  Alactriquea,  lea  problAmaa  nouveaux  introduita  par  1' utilisation  daa  fibres 
da  carbone;  cea  problAmoa  aont  mia  en  Avidance  an  comparunt  las  rAaultats  obtanus  sur  una  structure 
an  alliaga  lAger  de  2  mm  d'Apaiaseur  et  una  structure  en  fibre  da  carbone  de  mBme  Apaisseur. 

2  -  TENSION  INDUITE  DANS  LES  CABLAGE5  CLECTRIOUES 
2.1  -  Circuit  da  simulation 

Pour  abordar  ca  problAme,  conaidArona  la  figure  1  qui  roprAeants  una  simulation  aimplifiAe 
d'un  circuit  Alectriqua  de  bord. 


L-J. 


Jint 


■3 


VAB 


wzzzzmnzzzzzizzzzzzzzzzzzzzm 

l  Jaxt  _ 

If 


-  Fig,  1  - 

La  paau  da  1'aAronef  conatituAe  d'un  metArieu  de  permAabilitA  magnAtique at  de  conducti- 
vitA  Alectrique  <7~  ,  d'una  Apaisseur  1  eat  percourue  par  une  impulsion  de  courant  type  foudra  i 

-  4.  -  -i- 

If  -  I  (  a  TD  -  a  TC  ) 


La  clblaga  Alectrique  ast  conatituA  d'un  fil  reliA  A  la  atructura  au  paint  A  (  cOtA  alimen¬ 
tation  non  raprAsentAe  ) ,  cheminant  A  une  hauteur  h  de  la  paau  at  alimentant  un  Aquipament 
d'impAdance  Z^g.  Ce  circuit  e'.c  situA  A  1’ inie.~i.aur  d'una  atructura  antiArement  fermAe, 
c'eat-A-dire  ne  comportant  pea  de  fenBtrea  Al.^c cromngnAtiquee. 
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La  aurtension  V^g  qui  apparent  aux  bornes  da  1' Aquipament ,  lorsque  la  structure  eat 
parcourua  par  1' impulsion  da  courant  If  aat  dOe  i  deux  effets  i 

-  un  affat  "  rAaistif  "  da  la  atructura 

-  un  affat  o'  induction  AlactromegnAtiquo  dans  la  boucla  constitute  par  la  cSbla  at  la 
structure 


3  -  EFFET  11  RE5I5TIF  ».  INFLUENCE  DE  L'EFFET  DE  PE 


2. 


A  1'intArieur  d'un  matAriau  conductaur, 
da  conductivitA  donnAe  C”  ,  an  rAgime  per¬ 
manent  da  frequence  f,  la  densiti  da 
courant  diminue  an  fonction  da  la  diatanca 
da  pAnAtratiori .  On  appalls  Apeisseur  da 
peau  d  la  profondeur  &  laquelle  la  champ 
E  •  J/r  eat  una  fraction  —  da  la  valeur 
qu'il  a  dans  la  conductaur  pria  da  la 
surface. 


^  :  parmAabilitA  magnAtiqua  du 
matAriau 

<J~  :  conductiuitA  du  matAriau 


L'analyaa  da  la  rApanaa  indicialla  da  la  paau  parmat  dr  dAfinir  una  constants  da  tamps  da 
pAnAtretian  Fp  rapnAsantative  du  phAnomAna  da  diffusion. 


L 1  application  d'una  densitA  da  courant  J  ext  au  temps  t  .»  0  sur  la  paroi  externa  d'un 

conductaur  conduit  A  l'apparition  ratardAa  t  -  0,3  T  d'una  denaite  da  courant  J  int.  sur  la  face 

P 

interne,  dont  la  valour  attaint  lenteinent  cbIIh  correapandant  h  un  courant  continu  vara  t  6  T  , 

P 


fhlsJl  '.'.L'rV.  r 


.-1.-.  s’l  vt  h.^n,,- 


Dr  dans  une  configuration  da  ciblaga  avion  convantionnal  (fig.  1),  la  paau  aarvant  da  rifiran- 
ca  massa  eiactriqus  pour  lea  equipamants,  la  paasage  d'une  impulsion  da  courant  dans  la  peiu  ast  done 
susceptible  da  gfinirar  une  difference  da  potential  antra  lss  2  points  da  reference. 


VAB  "  Rdc  *  1  x  f  (  TP-  Ut),  1  > 


avac  f  (  T  ,  I  (t),  t)  C  (0,1) 


R  ,  :  resistance  da  la  structure  antra  A  at  B  masurea  an  courant  continu. 

dc 


si  lj^  d  on  a  f  (Tp  ,  I  (t),  t)  — »  0 

si  1^(  d  on  a  f  (Tp  ,  I  (t),  t)  — *  1 


V  max  eat  borne  superiauramant  par  la  loi  d'ohm  classique 
Ad _ _ 


VAB  max 


R  .  x  I 
dc 


si  set  faiblB  ast  faible,  T  ost  qrand  et  f  (  Tp,  I  (t),  t)  «•»  0  car  1  d . 


3.1  -  Application  h  des  structures  en  alliage  16qer 


Des  essais  ont  6 +.6  effectuGs  sur  une  structure  (  fig.  4  )  en  AU4  G  de  2  mm  d'Spaissaur  ayant 
pour  caract6ristiques  : 


/O  «  3.  10  .A  .m 


Tp  =  15 


<  - -onglet  en  AU4G 


/ Fil  plaqu#  contre  la  paroi 


Afin  d'6viter  touts  influence  de  l’effet  inductif,  le  fil  de  mesure  a  6tG  plaqu6  contre 
la  paroi  de  1* eprouvette . 


L' impulsion  de  courant  utilis^e  est  repr6sent6e  figure  5. 


If  -  I  (  a  -  TT  -  a  “  TT  > 


1,9t  — 


Td  «  1 ,3  .  IQ"3  s 


Imax  (-/-•  -  u  -  - 
~ \1  \  ) 


T£  -  1 ,8  .  10  s 


8  13 


'  t£2i.  kt>.  * 
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i 


i 


Le  spectra  an  frAquence 
da  qette  impulaion 
apt  reprAsentA  fig.  6 


Lil-.i 


i 


Pour  qatte  forma 
unifnrma  da  density  da 

(  f  (  T  i  I  (t),  t  )  - 
par  les  effots  da  bord 


d '  unde,  at  dans  les  conditions  d'essai,  an  admettant  una  rApar- it.fon 
courant  externa,  lu  valaur  thAorique  donna  Vint  9  B,5  mV, 

0 ,56  ),  la  valaur  meaurAe  a  AtA  da  Vint  •  7  mV.  La  UiffArence  e'expliqua 

qui  introduiaant  una  rApartition  non  uniforme  da  courant  (  fig.  7  ). 


Iext  A 


Iaxt 


DAx_1 


En  tenant  oompta  da  cea  affata 
da  bord  l'Acart  eat  ramanA  A 
unu  valaur  da  l'ordra  da  0,5  mV 


Si  on  extrapolB  cea  rAsultats  i  I  >  100  '<A ,  pour  la  forma  d'onda  da  courant  utiliaAa,  on 
obtient  una  surtenaion  par  m  da  structure  V^^.  ■  0,53  V/m.  II  faut  noter  qua  la  loi  d'ohm 
claasique  a'appliqua  h  toutes  las  compoaantas  apactralea  du  courant  dont  l'Apaiaaaur  di  peau 
correspondents  d  =  .  „  1 _  aat  supfiriaure  A  I'Apaisseur  mAcaniqua  da  la  structure. 


'fa/nr- 

Dana  le  cas  da  l'AU4G  da  2 


d'Apaissaur 
donna 


fc  ^  2,4kHr, 


on  obtient  done  la  diagramme  auivant  fig.  7  bia . 


-.'id* tri  ■'/-I  zUftmaJ&fei  !r.  v 


.  rf *  -  /.l.V1  W'f  .'‘'--il  V.  I.\  >7 .  — .  '-/j,  ps  iSirtAiil.Yfit  • 


j  .'is.  jq.'li. 


(.'application  linkairs  de  la  loi  d'ohm  raata  done  velabla  aur  la  paroi  intarna  da 
la  atructure  de  2mm  d'kpaiaaeur  pour  laa  frequence*  infkrieuraa  ou  kgales  1  7,3  MHi. 

Los  eaaaia  ont  etk  rialiaia  an  injactant  das  impulaiona  da  courant  oacillantaa 
amortiaa  dont  la  paaudo  frequence  max  attaint  una  centaina  da  kHz.  La  relation 
Vext  •  Vint  a  etk  confirmda  par  laa  maauraa.  La  verification  axpdriman tale  k  daa 
frequences  auperiauraa  k  7,3  MHz  n'a  pu  Itra  realises  avec  las  installations  utiliakss. 

La  figure  1(1  montra  las  courbaa  da  reponsas  de  structures  an  fibres  de  carbons  de 
differantaa  epaiaaaurs. 
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.3  -  Comoaraiaon  da  l'effat  de  peau  aur  daa  atructuraa  fa.i  alliaaa  lkoer  at  an  fibre  da  carbone 


Lea  reaultata  precedents  montrant  qua  la  penetration  d'una  impulsion  da  coursnt  k 
l'interiaur  da  la  paau  d'un  a6ronaf  ast  diractamant  like  aux  caracteristiqusa  du  mktkriau 
at  an  particuliar  k  sa  rkaistivitk  s)  at  par  voie  da  conaequanca  k  la  constants  de  temps 

1Z  < 


da  penetration  T 


V2P 


La  diagramme  figure  11  montra  1' accroiasement  da  l'aire  d ' application  da  la  loi 
d'ohm,  qui  dans  la  cas  d'una  structure  donnks  varis  danu  Is  rapport  das  rkaistivitke  daa 
matkriaux.  Dans  la  can  particuliar  dss  fibres  da  carbons,  at  da  l'alliage  lkgar,  cs 
rapport  ast  d'environ  3000. 


RDCjI  -  0,5  kV/m  RpC2  3000  RDCl 


F  (kHz) 


1  fp j  2, 4kHz  ■'0 
AU4G j 2mm 


MAGNETTQUE  INTERNE 


1DDD  fpij,3  kHz  1D 
carbonai  2mm 


Nous  vanons  de  voir  la  part  qua  reprAsente  la  cDmpoaanta  "  rAaistiva  "  dQa  k  una  das 
consAquencea  l'effat  da  paau  dana  la  aurtanaion  qui  apparalt  aux  bornaa  d'una  impAdanca  Z  raliAa  h 
la  maaaa,  Noua  allona  maintansnt  Avaluer  la  compoaanta  de  la  aurtanaion  dQa  &  1' Induction  Alactro- 
magnAtique  V  •  -  d^E.  &  tra  vers  la  surface  qua  raprAocnta  la  cAblaga  situA  &  una  distance  h  au-dessu 
de  la  atructura  (  fig,  1  ), 

L1  induction  AlectramagnAtiqua  B^nt  sat  Baaantiallaman t  crAAa  par  lua  filaments  de  courant 
qui  circulent"  aur  la  facd  interna  da  la  structure.  Ce  rAaultat  fondomantal  a  pour  implication  directs 
la  fait  qua  la  champ  magnAtique  interne  apparalt  ratardA  par  rapport  eu  courant  qui  l'a  angandrA, 

Son  effat  dana  la  .gAnAration  da  la  tension  induite  aat  done  attAnuA,  la  ijii.  Atant  la  rAaultat  du 
phAnomAne  da  diffusion  A  travara  la  peau.  ^ 

4.1  -  Champ  AlnctromaanAtlnua  A  1'lntAriaur  ri'unn  atriiBturn  nn  nlJinnn  lAnnr  AIJ4G  da  2mm  d '  Apu lsBour 


La  caisson  qui  a  aervi  aux  essais  aat  la  mftmu  qua  celui  qui  a  AtA  utiliaA  pour  l'Atuda 
da  l'effat  rAaiatif  (  fig.  4  ), 

La  champ  AlectramagnAtiqua  interna  H^n(.  aat  un  champ  riont  Involution  tBmporalia  eat  an 
phaaa  avac  la  danaitA  da  courant  J int  at  proportionnal  h  cullo-ri.  Cu  phAnomftno  aot  parfuita- 
mant  mis  an  ividanca  aur  las  photoe  figures  12,  13,  14  qui  raprABantBnt  aucceaBivamant  l 

-  la  courant  total  travarount  la  atructura 

-  le  champ  magnAtique  ro^avA  caisson  ouvert  c'oat-A-diro  ohtonu  par  couplnga  direct  i 
Is  champ  AlactromagnAtiqua  aat  an  phase  avac  la  courant 

-  la  champ  magnAtique  relevA  caisson  farmA  i  le  maximum  du  champ  magnAtique  prAaunto  un 
ratard  da  AO  ytos  aur  le  courant  injactA. 


x  •  20  ^  s/div 

y  .  El, 10  kA/div 

t  •  52  j.  B 

max 

I  -  1,2  kA 

max 


floure  13 

Champ  magnAtique  H  (t) 

caisson  ouvert 

x  ■  20^*.s/div 

y  -  20  mV/div 

V  -  52>  a 
max  ' 

Ho  -  6 7  A/m 


figure  14 
Champ  magnAtique 
caisson  farmA 
x  «  50^.  a/div 
y  »  10  mV/div 

V  -  120x,a 

max  a 

H  .14  A/m 


^ :  L .  k>/  -.L".  .ti.yr  1  a  r -i  i  Z. .  'i* 
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Ca  rdaultat  confirma  l'hypothda*  aalon  laqualla  la  champ  magndtiqua  lntarna  dana  una 
atructura  farmda  aat  aaaantiallamant  crdd  par  la  courant  circulant  aur  la  parol  lntarna  da  la 
atructura. 


Daa  aaaala  partial*  ont  dt d  affactuda  aur  la  cylindra  mia  an  oauvra  pour  laa  dtudaa  aur 
l'affat  da  paau. 

Laa  installation*  utiliadaa  n'ont  parmia  qua  la  gdndraticn  d'impulaion  da  courant  i 

*  > . \  *  i  -t  "l  i  _ 


I  (t)  -  I  (  a  #  -jp  )  ava 

Te  “  1,8^*  Td  .  11,0^* 


Te  “  1,8^*  Td  .  11, 0^. 

c'aat-d-dira  daa  impulaiona  dont  la  apantra  da  frdquanca  na  comportainnt  paa  da  frdquanuas 
auffiaammant  dlavda*  pour  vdrifiar  laa  oalcula  thdcriqua*.  Ca*  aaaala  confirmant  capandant  qua 
la*  moyanna*  frdquance*  na  aunt  pa*  attdnudaa. 


La  tanaion  induita  dQa  au  champ  dlactromagndtiqua  lntarna  a  dtd  miaa  an  dvidanc*  on 
utiliaant  la  montaga  raprdaantd  figura  18  dana  la  ca*  da  atructura  an  AU4G. 


Laa  anragiatramanta  affactuda  ont  parmia  da  vdrifiar  qua  la  tanaion  induita  dtia  au  champ 
dlactromagndtiqu*  lntarna  vdrifia  bian  la  loi  da  LENTZ  i 


Daux  forma*  d'ondaa  da  tanaion  induita  v  pauvant  done'  apparaltra  aux  burn**  d'uri  circuit 
conatitud  d'una  bouola  avac  1  point  uniqua  k  la  maaa*. 


-  tanaion  induita  loraqua  la  champ  msgndtiqua  intarna  aat  ratardd  (  caa  da  1* AU4G )(f ig .  17) 


.  ■*>- ;  -  a-  : 


is,,-;  a.  .* 
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La  tableau  aulvant  rAauma  laa  obaarvationa  dene  la  caa  da  atructuraa  an  AU4G  at  fibre  da 
cerbona  da  2mm  d'Apaiaaaur, 


11  montra,  compta  tanu  du  apactra  an  frequence  da  la  foijdra  oti  la  maximum  d'Anargie 
eat  aituA  k  daa  frAquencaa  infAriauraa  k  1 00  kHr,  qua  la  fibre  da  oarbona  offre  une  immunity 
environ  3000  foia  infArieura  k  calla  d'un  alliaga  lAgar,  auaai  bian  an  "  ohuta  da  tanaion  " 
qu'an  tranaparanca  au  champ  AlactromagnAtique. 
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ELECTROMAGNETIC  INTEGRATION  OF  COMPOSITE  STRUCTURE  IN  AIRCRAFT 


G.  L.  Weinstock 
McDonnell  Aircraft  Company 
St.  Louis,  MO  63166 
U.S.J.. 

Present  U.S,  Navy  and  Marine  Corps  aircraft  being  deaigned  and  produced  by  the 
McDonnell  Aircraft  Company/  a  Diviaion  of  McDonnell  Douglaa  Corporation/  have  aignificant 
portions  of  the  akin  and  substructure  fabricated  from  graphite/epoxy  composite  material. 
The  P-18  Hornet  has  approximately  SOI  of  its  surface  area  composite  and  the  AV-8B  V/STOL 
utilises  composite  material  for  its  wing/  tail  and  forward  fuselage.  Extensive  analysis 
and  testing  has  been  performed  during  the  last  seven  years  to  define  those  parameters 
necessary  for  successful  electromagnetic  integration  of  graphite/epoxy  composite  into 
these  aircraft.  Descriptions  of  the  tests/  analyses/  and  design  processes  including 
procedures/  methods/  results  and  design  improvements  are  presented  in  this  paper.  The 
specific  investigations  addressed  arei  (a)  basic  material  properties;  (b)  inherent 
electromagnetic  shielding;  (a)  intermodulation  affects;  (d)  effects  on  antennas;  (e) 
panel  shielding;  (f)  joint  effects  and  improvements;  (g)  joint  impedanoe;  (h)  access  door 
design  and  improvements;  (i)  bonding;  (3)  large  fuselage  section  shielding;  and  (k)  com¬ 
plete  wing  shielding.  The  above  tests  and  supporting  analyses  were  performed  on 
different  types  of  composite  construction,  thickness/  and  site  and  were  usually  related 
to  aomparable  aluminum  artialea.  Some  of  the  variations  assessed  and  described  in  the 
paper  are  aluminum  honeycomb,  syntactic  core  and  monolithic  materials,  combinations  of 
lap  and  shear  joints  and  selected  metallic  coatings. 


Production  designs  developed  for  cost  and  weight  effective  incorporation  of 
shielding  and  bonding  improvement  are  noted  in  the  text. 

Introduction 

McDonnell  Airaraft  Company  (MCAIR) ,  a  Division  of  MaDonnell  Douglas  Corporation,  is 
producing  airaraft  for  the  U.S.  Navy  and  Marine  Corps  that  utilise  significant  amounts  of 
graphite/epoxy  (G/E)  composite  structure.  Approximately  50»  of  the  surface  area  of  the 
P-18  Hornet  is  G/E,  as  is  the  wing,  tall  and  forward  fuselage  of  the  AV-8B  V/STOL  air¬ 
araft.  The  growing  use  of  G/E  on  military  aircraft  has  raised  questions  regarding 
possible  adverse  electromagnetic  effects.  However,  MCAIR  has  sucoer -fully  been  able  to 
integrate  a/E  structure  electromagneticslly  with  high  performance  avionics  subsystems. 

The  integration  effort  can  be  divided  into  three  steps.  The  first  step  is  to  deter¬ 
mine  what  external  electromagnetic  (EM)  fields  an  aircraft  may  experience.  Second,  a 
practical  susceptibility  threshold  is  postulated.  This  susceptibility  threshold  includes 
all  standard  electromagnetic  interference  (EMI)  suppression  measures,  such  asi  line 
filtering,  wire  shielding,  bundle  shielding,  usage  of  balanced  signal  circuits  and 
MIL-STD-461  compliance.  The  remaining  differences  between  the  external  EM  field  level 
and  the  internal  avionics  EMI  susceptibility  threshold,  must  be  supplied  by  airframe 
shielding.  This  is  generally  15  to  30  dB. 

The  third  step  is  to  assess  the  actual  aircraft  structure  and  where  required  mako 
the  necessary  design  improvements. 

Various  analysis  and  test  programs  have  been  conducted  to  support  MCAIR 's  program. 
They  include  the  following  topics  as  discussed  in  this  paper; 

o  Inherent  Shielding 
o  Panel  Shielding 
o  Joint  Leakage 
o  Joint  Impedance 
o  Fuselage  Shielding 
o  Syntactic  Core  Fuselage  Shielding 
o  Static!  Wing  Shielding 
o  Antenna  Performance 
o  Intermodulation  Effects 
o  Lightning  Effects 

Inherent  Shielding 

Investigations  were  initially  performed  to  determine  the  inherent  shielding  proper¬ 
ties  of  G/E.  Washer  specimens  were  cut  from  1,  2,  4  and  8  ply  G/E  panels.  These  were 
tested  in  the  coaxial  line  fixture  shown  in  Figure  1. 

The  coaxial  fixture  was  fabricated  from  aluminum  and  was  actually  an  enlarged  coaxial 
line  with  air  dieloctric.  It  had  two  identical  sections,  connected  together  with  the 
test  specimen  between  them  (Figure  1).  To  determine  the  shielding  of  the  specimens,  a  CW 
signal  was  inserted  into  one  end  of  th-  fixture  and  the  received  signal  was  measured  at 
the  other  end.  This  determined  the  inherent  shielding  level  of  the  G/E  specimens  to  a 
plane  wave  field. 
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The  inherent  shielding  curve  which  was  derived  (Figure  2)  provides  only  the  upper 
limit  oZ  the  shielding  that  can  be  obtained  from  G/E  since  it  does  not  account  for  joint 
leakage.  However,  it  is  of  major  significance  because  it  shows  that  its  inherent 
shielding  is  far  in  excess  of  that  required  for  the  skins  of  military  airoraft.  Thus, 
successful  aircraft  can  be  designed  using  G/E  fuselage  and  wings  with  no  metal  coating  if 
joint  and  seam  leakage  is  controlled. 

These  tests  also  showed  that  the  shielding  is  predominantly  by  reflection  rather 
than  absorption,  since  the  thickness  of  the  panel  (after  accounting  for  polarization)  had 
little  effect. 

Panel  Shielding 

Other  tests  were  performed  to  determine  panel  shielding  of  G/E  using  a  cubical 
copper  box  approximately  25  cm  per  aide  as  shown  in  Figure  3.  A  parallel  plate  line  was 
used  as  the  plane  wave  source  for  frequencies  below  70  MHz.  For  frequencies  above  70 
MHz,  testing  was  performed  in  an  anechoic  chamber  or  outside  on  an  antenna  range,  where 
the  far  field  of  an  antenna  was  used  as  the  plane  wave  source. 

In  these  tests  square  panels  were  mounted  on  the  opon  face  of  the  fixture.  The 
panel  and  fixture  were  then  illuminated  by  a  plane  wave  that  was  linearly  polarized.  The 
shielding  was  then  computed  by  using  the  ''panel  on"  and  the  "panel  off"  field  strength 
readings  taken  vie  a  rod  antenna  inside  the  box. 

These  tests  were  conducted  for  G/E  panels  of  various  thicknesses  (1  ply,  2  ply,  4 
ply,  and  8  ply)  and  construction  types  (monolythic,  honeycomb  and  syntactic  core). 
Different  types  of  panel  attachment  were  also  evaluated.  These  weret  (1)  contact 
mounting,  where  the  panels  were  held  tightly  against  the  box,  (2)  conductive  mounting, 
where  the  fibers  of  the  G/E  were  conduatively  connected  to  the  box  by  a  conductive  epoxy, 

(3)  fastener  mounted  panels,  where  fasteners  wore  used  to  connect  the  panels  to  the  box, 

(4)  capacitively  mounted  panels,  where  a  conductive  foil  was  wrapped  around  the  panels 
and  the  flange  on  the  box,  and  (5)  panels  with  beryllium  copper  finger  stock  of  various 
sizes  mounted  around  the  panel,  both  with  and  without  a  conductive  foil.  Typical  results 
of  these  tests  are  shown  in  Figures  4,  5,  and  6. 


Panel/Joint  RF  Leakage  Comparison  Tests 

The  panel/joint  tests  were  used  to  evaluate  the  RF  leakage  characteristics  of 
various  joint  manufacturing  techniques.  The  test  articles  consisted  of  thirteen  panels 
of  various  configurations  as  shown  in  Table  1.  Nine  panels  had  joints  and  four  solid 
panels  were  used  for  baselines.  The  jointed  panels  were  constructed  with  various  environ 
mental  seals,  and  some  inaluded  other  EMI  protection  devices. 

Figure  7  illustrates  the  net-up  for  the  joint  leakage  tests.  The  panels  were 
mounted  over  the  open  end  of  a  five-sided  copper  box  and  bolted  to  the  flange  surrounding 
its  opun  end.  Measurements  were  made  by  locating  a  signal  source  antenna  inside  the 
aoppur  box  and  probing  along  the  outer  surface  with  a  receiver  probe. 

Table  2  prenenta  tho  performance  of  each  panel.  The  leakage  data  was  analyzed  and 
the  panels  were  assessed  with  respect  to  performance  in  proventing  leakage.  This  was 
done  for  both  E  and  H  fluid  leakage.  Those  joints  that  appear  to  perform  best  at  pre¬ 
venting  EM  leakage  were  assigned  a  figuro  of  limit  of  100,  und  the  other  panels  assigned 
numbers  of  lesser  values. 

The  important  conclusions  to  be  drawn  arei 


(1)  Tin  plating  can  provide  appreciable  improvement  ir.  the  protection  against 
electromagnetic  field  leakage  through  G/E  single  lap  shear  joints.  The 
addition  of  finger  stock  does  not  provide  a  significant  amount  of  protection 
above  that  which  is  obtained  with  the  use  of  tin  plnting  alone.  Possible  gains 
can  be  realized  if  the  surface  layer  of  epoxy  is  removed  prior  to  plating  the 
material  with  tin.  This  would  provide  better  electrical  contact  with  the 
current  carrying  fibers,  and  a  better  contact  for  the  finger  stock. 

(2)  Finger  stock  appears  to  be  most  effective  when  bonding  is  desired  between  a 
metallic  panel  and  a  G/E  panel.  In  this  case  both  the  electric  field  and  the 
magnetic  field  leakage  is  lower.  The  magnetic  field  leakage  is  controlled  more 
by  the  presenae  of  tin  plating  on  the  G/E  panel  than  with  finger  stock  alone* 

(3)  Tin  plating  of  non- jointed  G/E  panel  increases  shielding  effectiveness  for  both 
electric  and  magnetic  fields.,. 

Panel  Joint  Impedanca  Tests 

The  electrical  bonding  achieved  with  various  methods  of  joint  fabrication  was  also 
tested.  DC  resistance  and  RF  impedances  were  measured  across  the  joints  to  obtain  the 
information  relating  to  electrical  current  continuity. 

Table  3  lists  the  panels  that  were  used  in  the  impedance  tests.  As  stated  above, 
the  joints  were  single  lap  shear  and  double  lap  shear  joints.  Non- jointed  pannle  were 
used  for  baselines. 
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Each  test  panel  was  injected  with  a  current,  by  means  of  copper  gloves  electrically 
bonded  to  the  panels  on  both  sides  of  the  joints.  Seven  measurement  points  were  probed 
at  discrete  distances  between  the  two  copper  contacting  gloves.  These  points  are  indi¬ 
cated  by  the  letters  in  Figure  0.  The  voltage  drop  at  each  point  was  recorded.  Measure¬ 
ments  were  made  from  14  KHz  to  500  KHz. 

Upon  comparing  the  voltage  drops  at  the  joints  of  the  various  panels,  it  is  evident 
that  the  effects  of  the  impedances  can  be  diminished  by  improvements  added  at  the  inter¬ 
face.  The  voltage  drops  across  the  "good*  joints  do  not  differ  appreciably  from  that 
which  is  seen  across  any  other  two  points  on  the  panels. 

Table  4  lists  tho  results  of  these  tests,  comparing  the  various  joints  tested  to  die 
apparent  impedance  of  the  material  from  which  they  have  been  fabricated.  The  higher 
ratio  of  joint  impedance  to  bulk  material  impedance  indicates  the  degradation  of  current 
continuity  by  the  joint.  The  addition  of  tin  apray  at  the  joint  interface  Improves  this 
ratio,  in  the  frequency  range  tested,  to  a  ratio  of  about  one.  That  is,  the  joint  is 
about  as  good  as  the  bulk  material,  and  its  impedance  is  decreased.  Therefore,  the  same 
procedures  utilized  to  protect  against  EMI  can  also  improve  joint  continuity  for  the 
currents  on  G/E  structures. 


Fuselage  Shielding 


Tests  were  conducted  to  determine  the  voltages  induced  in  typical  avionics  wire 
bundles  enclosed  within  G/E  structures  when  irradiated  by  ai  external  EM  field  and  to 
provide  comparison  with  metallic  structure. 


Two  test  boxes  were  fabricated,  one  of  aluminum  and  one  of  G/E  simulating  the  for¬ 
ward  fuselage  avionics  bay.  Figure  9  shows  one  test  box  in  its  location  on  the  AV-8B 
aircraft  and  as  it  was  constructed  for  these  tests.  The  two  boxes  contained  identical 
wire  bundles  and  load  terminations,  routed  along  identical  paths.  The  boxeB  contained 
doors,  seams  and  joints  to  simulate  the  different  types  of  apertures  through  which  EM 
fields  can  penetrate  an  aircraft's  akin.  They  were  tested  over  a  frequency  range  from  14 
KHz  to  18  GHz.  Voltages  induced  on  the  cables  were  measured  across  the  loads. 


As  shown  in  Figure  10  there  were  two  cable  bundles  running  along  the  length  of  the 
boxes.  Each  path  was  designed  to  parallel  regions  of  possible  electromagnetic  leakage 
from  the  exterior  regions  of  the  boxes.  The  cables  were  intentionally  routed  close  to 
joints  and  door  seams  to  maximize  induced  voltage  pickup.  Within  each  cable  wbb  a  single 
wire  and  twisted  pair  to  be  tested.  These  are  typical  wires  used  for  data  and  control 
information  transmission  between  equipment  subsystems. 

The  low  frequency  (14  KHz  to  100  MHz)  portion  of  the  test  was  performed  outdoors  at 
a  site  isolated  from  local  EM  interference.  The  high  frequency  (200  MHz  to  18  GHz) 
portion  was  done  in  the  MCAIR  anechoic  chamber. 


Various  test  configurations  were  used.  Including  combinations  of  open  and  closed 
side  door  panels,  cable  load  terminations,  and  side  orientations.  Measurements  were  made 
at  both  the  loaded  and  non-loaded  ends  of  cables. 


Results  typical  of  the  different  test  configurations  (104  in  all)  are  shown  in 
Figure  11.  The  results  show  that  in  actual  structures  the  leakage  effects  of  joints  for 
both  aluminum  and  G/E  are  the  dominant  factor  in  shielding  effectiveness  and  thus 
depending  upon  the  actual  aircraft  there  may  be  little  difference  between  G/E  and 
aluminum. 


Syntactic  Core  Fuselage  Tests 


The  effect  of  using  syntactic  core  (micro-ballons)  between  thin  layers  of  G/E  was 
investigated.  Two  large  samples  representative  of  an  aircraft  fuselage  with  a  removable 
door  were  fabricated,  one  of  aluminum  and  one  of  G/E  with  syntactic  core.  Typical 
aircraft  wiring  was  located  inside  each  sample.  The  samples  were  then  irradiated  and  the 
induced  voltages  on  wires  recorded. 


The  test  set  up  and  results  are  shown  in  Figure  12.  The  results  show  little  differ¬ 
ence  between  the  G/E  syntactic  core  sample  and  the  aluminum  sample. 


Static  Wing  Shielding  Tests 


Testa  were  made  on  the  shielding  effectiveness  of  a  representative  G/E  wing.  The 
test  article  was  the  right  side  of  a  full  size  YAV-8B  wing  assembly  with  an  EMI-tight 
termination  box  at  the  wing  tip.  Both  the  skin  and  substructure  of  the  wing  were  fabri¬ 
cated  from  G/E.  The  leading  edge  was  metal.  The  purpose  of  the  tests  was  to  compare  the 
induced  voltage  in  wire  located  under  the  metal  wing  leading  edge  with  the  induced  voltage 
on  the  wires  located  under  the  G/E  torque  box  section  of  the  wing. 


Wire  cables  were  installed  as  shown  in  Figure  13.  E  and  H  field  probes  developed  at 
the  Navy  Postgraduate  School,  were  also  installed  in  the  torque  box  as  shown.  Each  wire 
bundle  consisted  of  one  single  wire,  one  twisted  wire  pair,  one  twisted  shielded  pair 
(TSP) ,  one  coaxial  cable,  and  an  additional  TSP  loop,  which  acted  as  a  digital  data  link 
from  the  instrumentation  box,  along  the  wing  to  its  tip  and  back. 
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The  EMI  measurements  were  made  for  incident  RF  fields  from  14  kHz  to  18  GHz,  divided 
into  a  "low  frequency"  region  (14  kHz  to  100  MHz)  and  a  "high  frequency*  region  (200  MHz 
to  18  GHz).  The  high  frequency  measurements  were  made  in  the  MCAXR  anechoic  chamber,  as 
shown  in  Figure  14,  and  the  low  frequency  tests  were  performed  in  an  outdoor  open  area  on 
the  MCAIR  complex,  as  shown  in  Figure  15. 

The  test  setup  generally  consisted  of  an  antenna  positioned  one  meter  away  from  the 
upper  surface  of  the  right  wing. 

The  test  results  were  similar  to  those  previously  shown  and  little  difference  was 
seen  between  the  induced  voltage  on  wires  located  under  the  G/E  and  metal. 

Antenna  Performance  Tests 

Pattern,  gain  and  VSWR  tests  were  conducted,  to  investigate  antenna  performance 
effects.  Various  test  configurations  were  used  to  determine  the  effects  in  terms  of  the 
type  of  composite,  the  ground  plane  configuration,  and  the  type  of  antenna  mount. 

Metallic  ground  planes  were  used  for  reference  tests. 

In  one  test  series  G/E  ground  plane  test  specimens  were  used  to  conduct  gain,  pat¬ 
tern,  and  VSWR  tests  at  400  MHz,  1  GHz,  and  10  GHz.  Similar  tests  were  made  using  metal 
ground  planes  for  reference.  UHF  and  TACAN  blade  antennas  were  used  at  400  MHz  and  1 
GHz,  respectively,  while  a  radar  beacon  stub  antenna  was  used  at  10  GHz. 

Vhe  tests  for  gain  and  pattern  were  run  by  using  the  test  specimen  as  a  ground  plane 
for  a  receiving  antenna,  with  the  antenna  and  ground  plane  mounted  on  a  rotator  inside 
the  anechoic  chamber.  The  VSWR  tests  were  performed  by  using  the  test  specimen  as  a 
ground  plane  for  a  transmitting  antenna. 

Comparison  of  antenna  patterns  for  all  of  the  various  ground  plane  specimens  and  all 
types  of  mounting  shows  only  small  pattern  and  gain  changes,  regardless  of  the  ground 
plane  or  base  mounting.  Thus,  composites  form  effective  ground  planes  and  metal  is  not 
needed.  VSWR  tests  show  that  the  slight  changes  in  gain  between  various  configurations 
is  attributable  to  slight  changes  in  input  impedance.- 

INTERMODULAR ION  EFFECTS 

Concern  has  been  expressed  regarding  intermodulation  effects  produced  by  the  graph¬ 
ite  fibers  used  in  the  composite  matrix.  However,  this  phenomenon  is  found  only  where  a 
small  number  of  fibers  are  involved  and  may  be  attributed  to  the  "point  contact"  effect, 
where  the  tip  of  the  graphite  fiber  forms  a  nonlinear  junction  with  another  material.  No 
intermodulation  effects  have  been  found  in  the  bulk  material.  In  fact,  MCAIR  tests  have 
shown  that,  within  the  limits  of  measurement,  no  harmonics  are  generated  by  passing  high 
levels  of  current  through  the  various  types  of  G/E  joints  or  bulk  composite  material  used 
in  airframe  construction. 

LIGHTNING 


Structural  Damage  -  Extensive  testing  has  been  performed  to  define  current  transfer 
capability  of  G/E.  l£  has  been  demonstrated  that  G/E  airframe  structures  have  sufficient 
current  carrying  capability  to  withstand  the  high  level  lightning  threat  without  damage, 
except  in  the  immediate  vicinity  of  the  strike  attach  point.  All  damage  can  be  eliminated 
by  applying  thin  metallic  coatings. 

Lightning  Induced  Current/Voltages 

The  threat  posed  by  induced  coupling  from  nearby  lightning  is  similar  for  G/E 
composite  vehicles  and  metal.  The  primary  reasons  are: 

o  For  nearby  lightning,  the  amplitude  cf  the  induced  transient  may  produce  upset 
but  is  not  high  enough  to  cause  burnout,  provided  proper  EMC  measures  have  been 
taken  to  minimize  the  coupling  in  the  low  frequency  regime  where  the  composite 
airframe  provides  a  poor  shield.  At  these  low  frequencies,  avionics  equipment  is 
relatively  immune  to  interference.  In  the  mid-to-high  frequency  region,  the 
coupling  occurs  primarily  through  the  aircraft  apertures  (i.e.,  radome,  canopy, 
seams,  cracks,  etc.)  and  therefore  is  approximately  equal  to  the  coupling  into  a 
metal  aircraft. 

o  In  cases  where  lightning-generated  upset  does  occur,  it  does  not  present  a  pro¬ 
blem  for  analog  systems  because  the  upset  is  in  milliseconds  and  the  linear  con¬ 
straints  of  the  aircraft  response  are  much  longer.  Digital  systems  upset  can 
also  be  restricted  to  milliseconds  or  less  provided  the  system  is  designed  to 
reject  the  induced  transients  as  "bad  data"  (by  means  of  parity  checks,  redundant 
data,  etc.)  so  that  the  "state"  of  the  digital  system  is  not  permanently  altered. 


Lightning  Attachment 


Tests  and  aircraft  strike  histories  clearly  show  that,  for  metal  aircraft,  lightning 
zones  can  be  defined  by  attach  point  tests  on  a  metallized  scale  model  (except  for  non¬ 
conducting  components-radomes,  canopy,  etc.).  This  method  should  also  be  valid  for  a 
vehicle  utilizing  composite  parts  if  the  composite  conductivity  is  good  enough  to  allow 
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the  required  current  Clow  during  the  early  strike  phases.  If  the  charge  transfer  and 
streamering  which  occur  prior  to  the  actual  strike/  are  not  inhibited/  the  zones  for  a 
partially  composite  vehicle  can  be  determined  from  tests  on  a  metal  model. 

While  the  conductivity  of  G/E  (°a  '10*  mho/m)  is  much  less  than  metal  («m  *  10?  mho/m)/ 
it  is  much  greater  than  that  of  a  dielectric  ( cy  *  10~15  mho/m).  Thus,  G/E  should  behave 
more  like a  metal  than  a  dielectric. 

Tests  were  performed  to  determine  conclusively  if  any  significant  differences  exist 
between  the  attach  point  characteristics  of  metal  and  G/E  composite. 

To  accomplish  this,  similar  sized  G/E  and  aluminum  panels  were  fabricated.  The 
panels  were  grounded  and  a  high  voltage  probe  was  positioned  72  inches  above  and  equi¬ 
distant  from  the  upper  corner  of  each  panel  as  shown  in  Figure  16.  Using  this  arrange¬ 
ment,  the  attachment  behavior  of  G/E  and  aluminum  samples  was  directly  compared.  At  each 
probe  position,  several  arc  attachments  were  initiated  to  determine  the  "preferred" 
attachment  locations.  For  most  tests  both  panels  were  grounded,  but  the  horizontal  test 
was  repeated  with  the  G/E  panel  ungrounded.  The  relative  arc  capture  areas  of  each  panel 
are  summarized  in  Figure  16. 

To  investigate  the  arc  attachment  effects  of  metal  beneath  the  G/E,  a  thin  monlythic 
panel  and  the  honeycomb  panel  were  each  tested  with  a  sharp  ground  probe  centered  two 
inches  below  them.  The  tests  showed  the  ground  probe  had  no  discernable  influence  upon 
arc  attachment. 

The  results  of  all  tests  conducted  during  this  effort  show  no  measurable  difference 
in  attach  point  behavior  between  metal  and  G/E  structure. 

Conclusion 

We  at  MCAIR  have  been  addressing  the  electromagnetic  effects  of  composites  since 
1971  and  have  been  heavily  involved  in  G/E  electromagnetic  integration  into  aircraft 
since  1974.  The  following  summarizes  oor  findings* 

o  G/E  has  a  significant  amount  of  the  inherent  shielding  capability. 

o  The  principal  reason  for  shielding  effectiveness  reduction  in  G/E  structures  is 
discontinuities  at  seams  and  joints. 

o  Our  tests  show  little  difference  in  shielding  between  G/E  and  aluminum  structures 
because  of  joint  effects. 

o  Designs  to  improve  G/E  joint  effects  can  be  effective. 

o  Antennas  for  UHF  and  L  band  systems  function  properly  when  using  G/E  ground 
planes. 

o  Lightning  protection  designs  are  available  if  complete  damage  protection  is 
required. 

G/E  aircraft  structure  can  be  designed  to  provide  adequate  electromagnetic  shielding 
for  avionics  and  electrical  subsystems.  To  date,  we  have  not  found  any  electromagnetic 
G/E  issue  that  cannot  be  handled  as  part  of  a/  typical  aircraft  development  program* 


TABLE  1 

EMI  LEAKAGE  TEST  PANEL  LIST 

CONFIGURATION 

I  DENT. 

CONFIGURATION 

JOINT 

JOINT  SEAL  CONFIGURATION 

A 

G/E  Tape  Mat'l 

None 

None 

B 

G/E  Cloth 

None 

None 

C 

Aluminum 

None 

None 

D 

G/E  (Tin  Plated) 

None 

None 

G 

G/E-Aluminum 

Single  Lap 

Shear 

Form-In-Place  (PIP)  Seal 

U 

G/E-Aluminum 

Single  Lap 

Shear 

Tin  Plated-FIP  Seal 

J 

G/E-Aluminum 

Single  Lap 

Shear 

FIP  Seal 

K 

G/E-Aluminum 

Single  Lap 

Shear 

FIP  Seal-Finger  Stock 

L 

G/E-G/E 

Single  Lap 

Shear 

Tin  Plated 

M 

G/E-G/E 

Double  Lap 

Shear 

Fay  Seal 

N 

Aluminum-Aluminum 

Double  Lap 

Shear 

Fay  Seal 

P 

G/E-Aluminum 

Single  Lap 

Shear 

FIP  Seal-Finger  Stock 

R 

G/E-G/E 

Single  Lap 

Tin  Plated-FIP  Seal- 
Finger  Stock 

15-7 


TABLE  2 

EMI  TEST  PANEL  DATA 

Relative  Performance  of  Panels  v-ith  Seams 


Tent 

Panel  Description 

Seam  Preparation  (5) 

Relative 

Performancet1' 

E<2>  HO) 

N 

Aluminum- Aluminum 

None  Double  Lap  Shear  (DLS) 

100 

97 

L 

Graphite/Epoxy  Cloth  -  Graphite/ 
Epoxy  Cloth 

Tin  Plated,  Sealed 

34 

84 

P 

Aluminum  -  Graphite/Epoxy  Cloth 

Bonding  Strip,  Sealed 

69 

79 

R 

Graphite/Epoxy  Cloth  -  Graphite/ 
Epoxy  Cloth 

Tin  Plated,  Bonding  Strip 
Sealed 

64 

76 

G 

Aluminum  -  Graphite/Epoxy  Cloth 

Sealed 

58 

99 

H 

Aluminum  -  Graphite/ Epoxy  Cloth 

Tin  Plated,  Sealed 

49 

96 

M 

Graphite/ Epoxy  Cloth  -  Graphite/ 
Epoxy  Cloth 

None  ( DLS ) 

50 

4 

K 

Graphite/Epoxy  Cloth  -  Graphite/ 
Epoxy  Cloth 

Bonding  Strip,  Sealed 

37 

55 

J 

Graphite/Epoxy  Cloth  -  Graphite/ 
rdoxv  Cloth 

Sealed 

10 

$8 

C 

Aluminum^4) 

99 

99 

D 

Tin  Plated,  Graphite/ Epoxy 

Clothf4) 

95 

89 

A 

Graphite/Epoxy  Tape<4> 

80 

71 

B  _ 

Graph ite/Epoxv  Cloth<4) 

70 

79 

1.  All  panels  show  relationship  to  best  panel  whose  value  is  100 

2.  E  (electric  field) 

3.  H  (magnetic  field) 

4.  One  piece  panels  (no  seams) 

5.  Single  lap  shear  (SLS)  unless  otherwise  indicated 


TABLE  3 

JOINT 

IMPEDANCE  TEST  PANEL 

LIST 

CONFIGURATION 

ident. 

CONFIGURATION 

JOINT 

JOINT  SEAL  CONFIGURATION 

B 

G/E 

None 

None 

C 

Aluminum 

None 

None 

G 

G/E-Aluminum 

Single  Lap  Shear 

2-Ply  Cured  Fiberglass 

H 

G/E-Aluminum 

Single  Lap  Shear 

Tin  Plate  6  Form-In  Place  Seal 

J 

G/E-Aluminum 

Single  Lap  Shear 

Form-ln-Place  Seal 

M 

G/E-G/E 

Double  Lap  Shear 

Fay  Seal 

P 

Aluminum-G/E 

Single  Lap  Shear 

Fip  Seal-Finger  Stock 

R 

G/E-G/E 

Single  Lap  Shear 

Tin  Plate-Fip  Seal-Finger  Stock 
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FIGURE  6  -  ELECTRIC  FIELD  SHIELDING  FOIt  GRAPHITE  PANELS  ON  BOX 

(FASTENER  MOUNTED) 
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FIGURE  7  -  TYPICAL  VEST  CONFIGURATIONS 
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FIGURE  8  -  CIRCUIT  AN!)  PKOUU.  ATTACHMENT  POINT!) 


FIGURE  9  -  FORWARD  FUSELAGE  EMI  TEST  ARTICLE 


FIGURE  12  -  SHIELDING  OF  ALUMINUM  AND  COMFGSITE  FIXTURES 
Relative  to  Exposed  Ground  Return  Wire 
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RESUME 

Lei  Cervices  Officials  Frangais  de  1 'A6ronautique  Bont  & 
l'origine  d'un  programme  d'essais  en  vol  sur  avion  METEOR  NF11 
dont  la  finality  est  la  reduction  des  perturbations  radio6lec- 
triquas  d'origine  filectrostatique . La  protection  antistatique 
d'un  avion  oonsiste  A  rendro  les  parties  isolantes  de  la  struc¬ 
ture  oonductrices  en  surface  et  A  installer  des  d6perditaurs  de 
potentiel.  L ' experimentation  en  vol  a  6t6  preced6e  par  des  essais 
au  sol  de  polarisation  haute  tension,  destines  A  simuler  les  ef- 
fets  de  la  triboeiectrioite .  Les  deperditeurs  de  potentiel  ont 
«te  experimentes  en  rendant  l'avion  entiSrement  conducteur  ;  des 
panneaux  dieiectr iques  instrumentSs  ont  ennuite  6te  mis  en  place 
pour  d^teater  1 'apparition  eventuelle  de  decharges  eiectriqucB 
rampantes.  Quelques  r6sultata  gen6raux  concernant  cos  essais  sont 
donnas  dans  cet  article. 


1  -  INTRODUCTION 

Les  perturbations  radioeisctriques  sur  aeronefs  conseoutivoB  A  1 ' electrisation  par 
triboeiectrioite  constituent  des  problAaes  important!  depuis  plusiturs  decades  ;  dAs  la  fin 
de  la  seconde  guerre  mondiale,  des  etudes  theoriques  et  exp6rimentales  ont  6t6  entreprisea 
sur  as  sujet  aux  Etats  Unis  (Oun,  19**6).  Elies  ae  sont  conoretisees ,  dans  Isb  annees  60, 
par  la  mise  au  point  de  deperditeurs  passifs  pour  avion,  assurant  une  evacuation  des  char¬ 
ges  eioo trostatiques  aveo  un  bruit  radioeiectr ique  reduit  (Nanevicz,  1964).  Depuis,  les 
conditions  de  la  circulation  a6rienni  ont  evolue  vers  une  generalisation  des  procedures 
de  vol  aux  instruments,  donnant  une  plus  grande  importance  aux  moyens  de  radiooommunication 
et  da  radionavigation.  Or,  ce  sont  ces  moyens  qui  sont  susceptibles  d'etre  perturb6s  par 
les  precipitations  statiques. 

Los  materinux  composites  A  base  de  fibres  de  verre  ou  de  fibres  de  carbone  intervien- 
nent  de  plus  en  plus  danB  la  fabrication  des  elements  le  structure  des  avions  en  raison 
de  leur  faible  masse  volumique  et  de  leur  grande  resistance  m£canique.  Leur  utilisation, 
sans  protection  antistatique  appropriee,  se  traduit  par  un  risque  d'apparition  de  dechar¬ 
ges  eiectriques  de  surface  trAs  perturbantes . 

Afin  da  d6finir  concrAtement  les  problSmes  de  perturbations  d'origine  6lectrostati- 
que  sur  avion  et  d'6valuer  les  performances  de  differents  dispositifs  de  protection  anti¬ 
statique,  las  Services  Officials  Frangais  de  1 ' Aeronautique  ont  mis  en  place  un  programme 
d '  experimentation  en  vol.  Les  essais',  dont  la  phase  active  a  d6but6  en  automne  197  9,  ont 
et6  effectu6s  sous  la  direction  de  la  DTCA  (Direction  Technique  des  Constructions  A6ro- 
nautiqueo)  et  ont  6t6  coordonnes  par  le  CEV  (Centre  d'Essais  en  Vol).  Le  CEAT  (Centre 
d'Essais  A6ronautiques  de  Toulouse)  a  assure  les  essais  de  polarisation  haute-tension  au 
sol,  la  SNIAS  (Soci6te  Nationale  Industrielle  Aerospatiale)  a  conduit  1 ' experimentation 
relative  aux  traitements  antistatiques  des  parties  structurales  dieiectriques  et  l'ONERA 
(Office  National  d'Etudes  et  de  Rechercnes  AerospatialoB )  a  6t6  charge  de  l'etude  des 
performances  des  installations  de  deperditeurs  de  potentiel. 

AprAs  un  bref  rappel  concernant  la  nature  des  problAmes  traitls,  le  programme 
d'essais  et  1 ' instrumentation  mis  en  oeuvre  Bont  dScritB  .  Les  tst-ia  en  vol  et  leur  ex¬ 
ploitation  {.'etact  p a b  terminea,  seuls  pont  pr6sentes  les  premiers  resultats  g6neraux. 

2  -  PROTECTIONS  ANTISTATIQUES  D'UN  AVION 

Trois  types  de  phSnomAnes  filectrostatiques  consScutifs  3  1 ' electrisation  d'un  a6ronef, 
peuvent  etre  A  l'origine  de  perturbations  radioSlectriques  ;  il  peut  s'agir^soit  d'arcs 
entre  des  surfaces  m6ta.lliques  isol6es  entre  elles,  soit  _de  decharges  rampantes  sur  des 
parois  di6lectriques; Boit  de  decharges  par  ef fet  "couronne"  sur  la  structure  mStallique  de 
1 ' avion . 

Le  risque  d'apparition  d'arcs  Slectriques  entre  elements  structuraux  m^talliques  non 
relics  est  aisSmont  supprimS  par  1 ' application  d'une  procedure  de  "metallisation"  qui  fixe 
les  valeurs  maximales  des  resistances  admissibles  entre  differents  points  de  l'avion. 
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Cependant,  1 ' utilisation  gEnEralisEe  d«  produits  tela  que  dea  mastics  d'EtanehEitE  ou 
das  revetements  destinEs  5  rEduire  las  frottements  sur  axes  at  gliasifcres  rend  plus  cri¬ 
tique  1 'application  da  cette  procedure. 

2.1  -  Traitement  das  parties  diElectrioues 

Las  ElEments  diElectriques  sur  la  surface  d'un  avion  sont  an  gEnEral  constituEs  par 
las  ouvertures  optiques  (hublots,  verriSres , , . .  ) ,  les  panneaux  da  structures  en  matEriaux 
composites  (fibre  de  verre,  de  bore  ou  de  carbone)  at  les  carfinages  das  antennas. 

Les  traitements  antistatiques  consistent  &  rendre  ces  ElEments  conducteurs  en  surface 
afin  d'empecher  l'apparition  de  dEcharges  rampantes.  Les  ouvertures  optiques  sont  traitEes 
au  moyen  de  dEpSts  mEtalliques  transparents  ;  las  panneaux  compojites  peuvent  etre  recon¬ 
verts  par  un  "shoopage'  (aluminium,  zinc)  ou  par  un  clinquant  mEtallique,  ils  peuvent  etre 
points  avec  des  produits  comportant  das  pigments  mEtalliques  ou  des  particules  de  carbone; 
les  carEnes  d'antenne  sont  traitEes  par  des  revStements  &  haute  rEsi3tivitE  superfioielle 
(de  l'ordre  de  quelques  Mil  carrE)  de  faqon  a  conaerver  une  radiotransparence  compatible 
avec  1 ' utilisation  normale  des  aeriens. 

2.2  -  Evacuation  des  charges  Electroatatiaues 

L'ElEvation  du  potential  de  l'avion,  consequence  de  la  charge  acquiae  par  triboElec- 
tricitE  conduit  inEvitablement  a  l'apparition  de  dEcharges  "couronne"  sur  das  zones  de 
la  structure  &  faible  rayon  de  courbure.  Le  signs  de  la  charge  Etant  en  gEnEral  nEgatif 
(Harper,  1 9  6T ) «  les  dEcharges  "couronne"  correspondent  au  regime  impulsionnel  de  Trichel 
(Loeb,  1965).  Le  role  des  dEperditeur s  de  potential  passifs  est  d'organiser  ces  dEcharges 
en  les  dEcouplant  des  antennas  de  reception.  On  peut  concevoir  des  systdmes  de  dEperdi- 
teurs  actifs  (FElici,  1979),  mais  Studies  essentiellement  pour  la  protection  des  hElicop- 
tSres,  leur  utilisation  4  bord  dea  avions  ne  se  jusiifie  pas. 

Dans  le  cas  des  dEperditeurs  passifs,  le  dEcouplage  des  dEcharges  peut  etre  obtenu 
grace  S  trois  procEdfis  (figure  l)  ; 

-  le  premier  schema(a)  cons  iste  &  relier  le  point  de  dEcharge  @  5  la  structure  Q  a 
l'aido  d'une  impedance  repartie  (resistance  aerie,  capacity  parallel e )( Nanevic z ,  196t)de 
manieire  a  filtrer  le  courant  Emis  par  la  structure  et  a  rEduire  le  couplage  capacitif  en- 
tre  la  dEcharge  et  les  aEriena  ; 

-  le  second  consisted  en  plus  de  la  presence  de  1'iapEdance  rEpartie, &  diriger  le 

courant  j  de  la  dEcharge  orthogonalement  au  champ  radioElectrique  qui  serait  rayonnE  par 
les  aeriens  en  Emission  (schEma  b)  ;  le  principe  de  rEciprocitE  prEvoit,  dans  ce  cas,  que 
la  dEcharge  ne  provoque  pas  de  rEponse  aux  bornes  des  antennes  considErEeB  ( Nanevicz ,  1 964). 
Le  dispositif  A  de  la  figure  1  est  basfi  sur  ces  deux  procEdEs  de  dEcouplage •; 

-  enfin  1 'utilisation  d'une  resistance  homogSne  et  rEpartie  de  forte  valeur  (supE- 

rieure  &  100  Mn)  (schema  c)  empeche  le  dEveloppement  complet  de  1' impulsion 

de  Trichel,  ce  qui  se  traduit  par  une  modification  de  la  repartition  epectrale  du  champ 
Emis  par  la  discharge  :  le  spectre  de  raies  disparait  au  profit  d'un  fond  continu  de  den¬ 
sity  spectrale  plus  faible,  ce  qui  est  par  consfiquent  favorable  it  la  reduction  du  bruit 

parasite  &  1'entrEe  des  rEcepteurs  qui  sont  ti  bande  passante  rEduite.  Le  dispositif  B  de 
la  figure  1  applique  ce  procSdfi,  le  dispositif  C  est  une  version  amEliorEe  du  dispositif 
B  (Boulay,  1979). 

3  -  DEFINITION  DU  PR00RAMME  D  1  EXPERIMENTATION  EN  VOL 

3.1  -  Ob.i ectil's 

Les  essais  devaient  mettre  en  Evidence  les  perturbations  radioElectriques  provoquEes 
par  les  phEnomSneB  dlcrits  prEcEdemont  et  permettre  d'effectuer  une  analyse  quantitative 
de  1'efficacitE  deB  protections  antistatiques  appliquEes. 

Ainsi,  par  adjonction  syatEmatique  de  panneaux  diElectriques  de  structure,  on  provoque, 
dans  des  conditions  d' Electrisation  ElevEe  ,  l'apparition  de  dEcharges  rampantes  ;  la 
perturbation  qui  en  rEsulte  est  alors  caractErisEe  et  diffErentes  protections  sont  ensuite 
mises  en  oeuvre  dont  1'effioacitE  peut  etre  EvaluEe.  Par  ailleurs,  a  partir  d'un 
avion  &  structure  mEtallique,  il  eat  possible  de  mesurer  1'efficacitE  d'une  installation 
de  dEperditeurs  sur  l'Equilibre  Electrostatique  de  l'avion  et  sur  le  niveau  de  bruit  ra- 
dioElectrique  parasite.  Les  rEsultatB  obtenus  au  cours  de  ces  essais  doivent  permettre 
une  validation  des  techniques  utilisEes  pour  le  choix  des  zones  d ' implantation  des  dEper¬ 
diteurs  de  potentiel  sur  avion. 

L'avion  utilisE  pour  ces  essais  est  un  birEacteur  METEOR  NF-11  (figure  2)  ;  bien 
qu'il  soit  de  conception  ancienne,  les  rEsultats  obtenus  peuvent  etre  gEnEralisEe  A  d'au- 
tres  avions  de  configurations  plus  modernes. 

3-2  -  Principe  des  essais 

3.2.1  -  2Efinition_de_12,Etat_electritjue_de_l^avion_en_vol 

Le  courant  de  charge  liE  5  l'effet  triboElectrique  est  indEpendant  du  potentiel  Elec- 
trique  de  l'avion  par  rapport  au  milieu. 

Le  schEma  Electrique  de  l'avion  chargE  fait  intervenir  le  courant  d' impact  total  Ii, 
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le  courant  Id  ivacui  par  lea  diperditeurs  de  potentiel,  le  courant  de  dicharge .parasite 
par  effet  "couronne"  Ic  aur  la  structure  et  le  courant  In  fiais  par  lea  propulaeurs  (figu¬ 
re  3).  En  suvposant  l'avion  iquipotentiel ,  son  fitat  ilectrostatiqur:  est  dicrit  par  la  re¬ 
lation  suivanbe  : 

Ii  -  Id ( V)  -  Im  -  Ic(V)  -  C 

C  est  la  capaciti  propre  de  1 ‘avion  et  V  son  potential. 

Un  i  tat  d'lquilibre  peut  s'itablir  et  est  difini  par  la  relation  : 

Ii  -  Id(V0)  -  Im  -  Ic(VQ)  ■  0,  V0  itant  le  potential  d'iquilibre. 

Ic  et  Id  dependent  de  la  pression  et  de  la  temperature  i  ils  ne  sont  pas  del  fonotions  sim¬ 
ples  de  V.  Rn  fait.  Id  peut  etre  formuli  ainsi  : 

S 

Id  -  J  kj(p,0)  .  V(V  -  Vj)  pour  une  installation  de  N  diperditeurs  •, 

j-1 

{Vj  est  le  potential  d'amorgage  du  dSperditour  j,  kj  est  un  coefficient  de  forme,  p  et  8 
sont  la  pression  et  la  teapirature)  (Loeb,  1965  ).  Un t  formulation  identique  peut  etre 
proposie  pour  Ic  : 

Ic  ■  t  Ai  (p,0)  .  V(V  -  Vi)  dans  le  oas  oil  M  points  de  la  structure  sent  le 
i-1  siige  d'une  dicharge  "couronne". 

3.2.2  -  M|tho dologio 

L '  cxpirienee  a  comporti  quatre  phases  principales  qui  sont  prisenties  ci-dessons 
dans  l'ordre  logigue  d’exicution. 

a)  Les_e6sais_priliminaires  aU  sol  ont  consisti  &  simuler,  sur  l'avion  iguipi  de  l'ins- 
trumentatIon_de_mesures  difinitive,  deB  perturbations  reprisentatives  de  oelles 
qui  devaient  etre  analysies  en  vol ( de  manilre  a  verifier  l'adiguation  des 
instruments  de  mesurc  choisis. 

b )  jje8_es8ais_dQ_polarisation_haute_t ension  au  niveau  du  sol  ont  simuli  1 ' effet  sur 
le  bruit_radio?Iectrigue  du  potentiel  de  l'avion  et  done  du  courant  iohangi  entre 
l'aironef  eb  le  milieu  j  cet  essai  itait  le  soul  permettant  d'estimer,  au  sol,  las 
performances  des  diperditeurs  passifs  (  influence  de  leur  nombre  et  de  laur  em¬ 
placement.  ) . 

c)  iS2_S255i5_£3_X2i-§S-l ' 5Yi2n_!Iia!iiB2i2nSi2i!!  nont  intervenus  ensuite  pour  l'itude 
des  installations  de  diperditeurs  passifs.  Pour  cette  phase  de  l'essai,  toutes  les 
parties  structurales  extirieures  de  l'avion  itaient  conductrices  (verri*reB,  hu- 
blot,  ...)  et  la  totaliti  de  la  zone  d'impact  de  l'appareil  itait  couverte  d’uno 
peinture  oonductrice  de  fai'ble  risistiviti.  Toutes  les  antennes  itaient  cariniea 
et  traitiec  par  une  peinture  antistatigue  3  haute  risistiviti. 

Dans  cette  configuration,  le  niveau  de  perturbation  itait  tout  d'abord  mesuri  sur 
l'avion  non  muni  de  diperditeurs  ;  les  diperditeurs  itaient  ensuite  progressive- 
aent  implantis  afin  de  rechcrcher  les  meilleures  configurations  de  protection. 

d)  t£8  2252i8_23_I2ii-£2S22J!n53^_i ' 2££i£2Sili_5e£_BE2S22ii2Ss_2ni^2i2Si2!J22_22Eiil 
gu|ea_BUr_lea_surfaceB_di?IIctrIjues_de_I{_avIon,  oat  consist?  S  effoctuer  une 
implantHtion”progresnivE  de  panneaux  dliloctrlques  3  partir  de  l'avion  en  confi¬ 
guration  iguipotentielle  et  iguipi  de  1 ' installation  optimale  ds  diperditeurs 
passifs.  On  a  cherchi  dans  ces  conditions  3  caractiriser  les  perturbations  provo- 
guies  par  les  dicharges  rampantes  et  3  localirer  leo  endroits  de  la  structure  oil 
elles  apparaiseaient  j  ainsi  Bept  panneaux  mitalligues  itaient  remplacis  par  leurs 
homologues  en  aatiriau  composite,  reconverts  d'une  peinture  de  finition  isolante.- 
Ces  panneaux  itaient  instrument^  pour  permettre  la  ditection  de  charges  d'im¬ 
pact  d'origine  triboilectrigue  ou  celle  de  dicharges  rampantes  et  on  cherchait 
igalement  3  mettre  en  ividence  une  augmentation  des  perturbations  ilectromagniti- 
gues  directement  liies  3  la  nature  diilectrigue  de  l'avion.  Le  traitement  antista¬ 
tigue  des  panneaux  incriminis  itait  enBuite  rialisi  et  on  virifiait  en  vol,  l'ab- 
sence  de  perturbations  dn  prisence  de  pr  icipitations  statigues  importantes 


■  It  -  DESCRIPTION  DE  L '  INSTRUMENTATION  DE  MESURE 

j  L ' implantation  ginirale  des  capteurs  est  indiguie  sur  la  figure  •* . 

f  U . 1  —  Mesure  du  potentiel  ilectriaue  de  l'avion 
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Lorsque  l'avion  ivolue  dans  un  nuage  chargi  3  l'intirieur  duguel  rigne  un  champ  ilac- 
trostatique  et  si  ce  champ  inducteur  est  uni  forme  sur  des  dis  tances  grandes  devant  les  dimen¬ 
sions  de  l'appareil,  le  champ  en  un  point  A  quelcongue  de  la  surface  de  l'avion  est  une 
forme  liniaire  du  champ  extirieur  et  du  potentiel  propre  de  l'avion  : 


aAEx  +  SAEy  +  YAEz  + 


XA  V 


(E 


E. 


V  X*  v 
3  J'avl 


E. 


avion , 


sont  les  composantes  du  champ  extirieur  suivant  un  tri&dre  de  rifirence  lii 
V  est  le  potentiel  du  3  la  charge  ilectrique  portie  par  l'avion,  a,  g,  Y>  3 
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sont  des  constanteii).  Pour  determiner  les  valeurs  de  V  et  de  E,  il  suffit  done  de  mesurer 
le  champ  Slectrique  en  quatre  points  indgpendants  de  Xa  surface.  En  fait,  pour  valider 
les  hypotheses  sur  la  configuration  6lectrique  du  milieu,  la  mesure  est  faite  en  cinq 
points . 

Les  capteurs  utilises  sont  du  type  "moulin  3  champ"  (figure  5).  Les  coefficients  a^, 
ya  et  XA  correspondent  3  ehaque  point  A  sont-  d6termin6s  par  des  pesSes  6lectrom6tri- 
ques  sur  une  maquette  3  Schelle  rSduite  de  l'avion  :  une  sphere  d'Spreuve  mStallique  per- 
met  de  prSlever  sur  la  maquette  conductrice ,pls,c6e  dans  une  configuration  de  champ  connue, 
une  quantity  de  charge  proportionnelle  au  champ  local  (figure  6). 

1 . 2  -  Evaluation  du  courant  de  charge  d'origine  triboSlectrlaue 

Le  courant  de  charge  est  estimS  en  isolant  des  zones  impact6es  de  la  structure  et  en 
les  reliant  3  1 'ensemble  de  cette  structure  au  moyen  d'un  dispositif  Slectronique  de  me¬ 
sure  de  courant  (convertisseur  courant-tension) .  Trois  sondes  de  courant  d'impact  ont  6t6 
ainsi  constitutes  sur  l'avion  :  deux  sondes  identiques  sur  les  bords  d'attaque  (surface 
droite  0,256  m2)  et  une  sur  le  radome  (surface  droite  0,64  a2).  Le  revetement  den  sondes 
de  bords  d'attaque  ttait  identique  3  celui  de  la  partie  frontale  impaette  de  l'avion 
(peinture  conductrice)  ;  It  radome  ftait  traitt  par  un  revetement  antistatique  radiotrans¬ 
parent  . 

La  surface  frontale  totale  de  l'avion,  pour  une  incidence  faible  correspondent  au 
vol  rectiligne  est  de  8,32  m2  ;  1 ' installation  permet  d'tvaluer  en  principe  des  couranta 
d'impact  maximum  compris  entre  500  pA  et  3,5  mA. 


4.3  -  Us 


?e  des  bruits  radioSlectriques  parasi 


Les  ^uits  radiotlectriques  sont  dtteetts  a  l'aide  de  rtcepteurs 
de  bord.  Ces  derniera  ne  sont  pas  modifies  mais  les  informations  carac 
valeur  des  perturbations  sont  prSlevtes  sur  ehacun  d'eux  au  moyen  du  c 
automatique  du  gain.  Les  mesures  sont  effectuees  dans  les  cinq  bandes 
vantes  : 

-  a  10  kHz  (bande  passante  500  Hz,  frequence  de  fonctionnement  du 
un  rtcepteur  de  laboratoire  dont  le  seuil  est  de  6  pV  associt  a 
dont  la  hauteur  effective  est  d' environ  20  cm  ; 

-  a  250  kHz  (bande  passante  3  kHz,  frequence  radiocompas)  par  un 
compas  (seuil  voisin  de  1  u V )  ossociS  3  une  antenne  de  lev6e  de 
hauteur  effective  ; 

-  3  20  MHz  (bande  passante  3  kHz,  radio-communication)  par  un  r£c 
seuil  est  de  1  pV  ; 

-  a  130  et  390  MHz  (V0R  et  ILS)  par  des  rScepteurs  de  communicati 
d'amplitude  (seuil  voisin  de  1  pV)  alimentfis  par  une  antenne  V- 

4.4  -  Mesure  des  courants  de  dgnerdlteurB 


de  laboratoire  ou 
tSriBtiques  de  la 
ircuit  de  controls 
de  frequence  sui- 

systelme  0m6ga),  par 
un  aSrien  capacitif 

rScepteur  de  radio- 
doute  de  10  cm  de 


epteur  BLU  dont  le 

on  3  modulation 
uHr. 


Chaque  dSperditeur  de  potentiel  monte  sur  l'avion  est  reli6  Slectriquement  3  la  struc¬ 
ture  au  moyen  d'une  resistance  de  mesure, de  faible  valeur  (5kf2)  qui  ne  perturbe  pas  le 
fonctionnement  du  dispositif.  L ' installation  doit  permettre  de  mesurer  un  courant  total  des 
deperditeura  de  l'ordre  de  3  mA. 

4.5  -  Instrumentation  des  surfaces  dillectriaues 

Le  re.dome,  diffirents  panneaux  de  structure,  le  saumon,  le  volet  d'intrades,  le  bord 
d'attaque  vertical  de  la  dlrive,  la  glace  frontale  et  un  hublot  lateral  ont  6te  instrumen- 
1 6s  : 

a)  Mesure_du_gotentiel_de_surf ace 

Le  "potentiel  de  surface"  d'un  panneau  isolant  est  celui  auquel  il  faut  porter  un 
panneau  mltallique  de  forme  identique  pour  obtenir  le  meme  champ  6lectrique  sur  un  capteur 
situ6  3  quelques  centimltreB  sous  le  panneau.  Cette  grandeur  est  mesur6e  sous  leu  panneaux 
isolants  non  trait6s  qui  peuvent  se  charger  par  triboSlectricitS  ou  par  conduction  (figu¬ 
re  7a).  Le  capteur  utilises  est  du  type  3  lame  vibrante  et  fonctionne  suivant  le  principe 
general  des  "moulins  3  champ". 

b)  Mesure_du_courant_de_surface 

Le  courant  circulant  entre  un  panneau  di£lectrique  et  la  structure  peut  etre  d?  soit 
3  un  impact  triboSlectrique ,  soit  3  1 ' iquilibrage  par  conductibilite  de  surface,  provoquS 
par  la  variation  du  potentiel  de  l'avion,  soit  3  une  d6charge  rampante  vers  la  structure. 
Ce  courant  est  reeueilli  (figure  7b)  par  un  encadremeat  conducteur  plac6  3  la  p6riphSrie 
du  panneau. 

c )  Mat|riaux_di|lectriaues_et_grot ections_anti statiques 

Les  matgriaux  choisis  pour  les  essais  sont  repr6sentatifs  de  ceux  utilises  actuel- 
lement  dans  1 ' alronautique  ;  il  s'agit  de  composite  verre-rSsine  drap6  multi-pliB  et  de 
composite  carbone-rSsine  tissS  drapl. 

Les  protections  appliquSeB  sur  ces  mat6riaux  sont  des  peintures  fortement  eonductri- 
ceB  au  carbone  (R  <  10  tfj)  dans  le  cas  gSnfjral  et  des  peintures  semi-conductrices  pour 
les  fenetres  3lectromagn6tiques  (1  Mft  <  R  <  10  Mfl). 
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Les  glaces  frontales  de  la  verrilre  sont  reoouvertes  d'un  mylar  mStallisg  par  dg- 
pSt  de  nickel-chrome  et  lea  hublots  sont  recouverts  d'un  terfan  mgtallis!  par  dgpot 
d'aluminium  assurant  une  transparence  dans  le  visible  &  80  %. 

5  -  essa^  AV -SSIt 

5.1  -  Eesais  prgliminaires 


La  partie  la  plus  significative  de  ces  essais  conaistait  &  provoquar  des  perturba¬ 
tions  par  dgcharges  rampantes  ou  par  effet  "couronne".  L 'avion  gtait  posg  aur  des  cales 
isolantes  de  20  cm  d'gpaisseur  ;  il  gtait  reli!  4  la  masse  par  une  impedance  rgpertie  da 
1 5  Mfi  afin  de  conserver  un  potential  flottant  pour  las  frequences  supSrieures  2  1  kUt. 

Un  dgperditeur  paaaif  (ou  une  pointe  mgtallique  non  protggge) Stait  monte  aux  emplace¬ 
ments  prgvuB  sur  l'avion.  Une  decharge  "couronne"  etait  alors  provoquge  aur  l'extrgmitg, 

4  l'aide  d'un  dispositif  de  polarisation  decouple  (figure  8a).  Lea  courbes  de  la  figure 
8b  montrent  le  niveau  de  bruit  dS  4  une  decharge  negative  non  protegee  il  proximite  de 
l'antenne  10  kHz  et  de  1*  agrien  v.UHF  ;  une  decharge  "couronne"  s'amorqant  dirootement 
sur  la  structure  provoque  done  une  perturbation  notable  4  10  kHZi  380  kHz  et  130  MHz.  si 
le  couplage  aveo  l'antenne  de  reception  est  Sieve  .  Par  contra,  k  la  frequence  de  380  kHz, 
la  perturbation  est  dSoelable  quel  que  soit  le  point  de  l'avion  oil  apparaxt  la  dg- 
oharge. 


L ' utilisation  d'un  Sjecteur  de  particules  chargSea  permettait  de  provoquer  aur  la 
peinture  isolant^  recouvrant  la  structure  mgtallique,  des  dgcharges  rampantes  rgpgtitivea. 

On  a  obtenu  un  faible  niveau  de  perturbation  4  10  kHz  (20  d&  au-deasus  du  bruit  de  fond) 
mais  un  niveau  glevg  it  380  kHz  (supgrieur  3  1  mV  ramenS  cl  1'entrSe  du  rgoepteur). 

8*2  -  Essais_de_polarisation_hajjte_tension 

Le  principe  de  l'essai  Stait  de  porter  it  une  haute  tension  l'avion  gloign!,  autant 
que  fairs  se  p»ut,  des  masses  Slectriquea.  Pour  oe  fairs,  1 ' avion,  pesant  7  tonnes,  a  StS 
placS  sur  des  pieds  de  2,8  m  rSalises  it  partir  d'isolateurs  en  cSramique  (figure  9).  Le 
courant  donnS  par  l'avion  et  le  potentiel  de  l'appareil  gtaient  enregistrSs  4  bord.  Le 
ggngrateur  utilise  par  le  CHAT  permettait  d'appliquer  une  tension  positive  ou  nSgative  rS- 
glable  entre  0  et  800  kV.  Les  essais  ont  StS  effectuSs  initialement  Bans  protection,  4 
partir  de  l'avion  gquipotentiel ,  puis  avec  une  implantation  progressive  de  dSperditeurs . 

De  memo,  un  montage  progre&sif  des  panneaux  diSlectriques  a  permis  de  comparer  l'effet 
des  diffgrentB  traittmente  antistatiques . 

Les  points  esaentiels  alors  mis  en  evidence  sont  les  suivants  t 


j  -  la  caractgristiqua  globale  tension  appliquee/courant  gvacug  dgpend  peu,  4  forte 

j  tension  (uu  del4  de  100  kV),  du  nombre  de  dSperditeurs ,  de  leur  emplacement  et  de 

I  leur  type  } 

I 

,  -  par  contre,  J  faible  niveau,  le  seuil  d'apparition  du  courant  eat  abaissg  lorsque 

'  les  dgperditeurs  sont  montgs  et, 4  potentiel  constant, le  courant  evacue  est  plus 

!  important  j 

»•. 

!  -  des  essais  effectugs  dans  l'obscuritg  ont  montrg  que  certains  points  de  l'avion 

j  sent  le  si^ge  de  dgcharge  "couronne"  i  il  s'agit  des  pitotB  qui  sont  installgs 

■  aur  le  bord  d'attaque  (figure  4)  et  des  carlnes  d'antennes  V.UHF  qui  sont  situges 

|  sur  l'intrados  en  extrgmitg  de  voilure.  La  dgcharge  "couronne"  sur  l'agrien  V.UHF, 

j  qui  eat  cargnl  et  trait!,  eBt  peu  perturbante  en  basee  frgquence  (10  kHz,  280  kHz) 

sur  le  radiocompas  ;  par  contre,  la  dgcharge  aux  rxtrgmitgs  des  pitots  provoque  des 
t  perturbations  trls  importanteB  en  basBe  frgquence  •, 


I 

f 

! 

it 

iV 


a- 

i- 


-  dans  les  conditions  du  montage,  le  seuil  d'apparition  des  dgcharges  "couronne"sur 
lea  pitots  est  voisin  de  80  kV ,  un  masquage  de  ces  derniers  et  de  1 ' extrgmitg  des  ca- 
rlnes  d'antennes  augments  le  seuil  d'apparition  des  dgcharges  "couronne"  jusqu'4 

170  kV  ; 

-  dans  la  configuration  gquipotentielle ,  les  dgcharges  "couronne"  ne  provoquent  pas 
de  perturbation  en  VHF  et  en  UHF.  Par  contre,avec  des  panneaux  diglectriques,  les 
rgsultats  on’t  gtg  peu  '  Bignificatifs  . 

8  -  ESSAIS  EH  VOL 


Au  cours  d'environ  60  heures  de  vcl,  9  heures  utiles  d'iupact  triboglectriqua  ont  gtg 
obtenuas  ;  ce  programme  d' essais  n'est  pas  totalement  achevg  ;  en  effet,  une  partie  im- 
portante  des  configurations  diglectriques  n'a  pu  etre  expgr imentge . 


Le  phgnomlne  d'impact  a  gtg  recherch!  4  l'intgrieur  de  cirrus, entre  6000  et  10  000  m 
d '  altitude,  et  aux  uommets  de  nuages  plus  dsnses,  glacgs  ou  non,  entre  3000  et  1*000  m.  Bien 
que  des  sgquences  d'impact  intense  aient  gtg  obtenues  dans  les  cirrus,  les  nuages  plus  bas, 
tela  que  des  altocumulus,  ont  donng  lieu  4  des  courants  glevgs  plus  frgquents.  On  note 
que,  sauf  pour  de  trls  rares  pg.riodes,  le  courant  d'impact  charge  l'avion  nggati vement , 
ce  qui  ost  conforms  aux  rgsultats  dgja  acquis  dans  ce  domaine  par  d'autres  expgrimentateurs 
( Nanevi c  z ,  1 9  6U ) . 
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6.1  -  Mesure  du  potentiel  de  1 'avion 


En  r£gle  ggngrale,  le  calcul  du  potential, effeetug  par  la  mgthode  decrite  an  4 . 1 , a 
donng  das  r6aultats  satisfaisants  car  las  valeurs  dgduites  de  la  eombinaiuon  quatre  par 
quatre  dea  cinq  mesures  de  champ  sont  sensiblement  identiquea.  Toutefois,  dana  certaines 
configurations  tris  perturbges  (champ  extgrieur  glev£  at  inhomogfcne),  la  correspondance 
entre  lea  valeurs  relev6es  n'est  plus  corrects  at  1 'utilisation  des  cinq  mesures  est 
alors  essentielle  pour  supprimer  touts  indication  aberrante. 


Le  caractSre  essential  de  ces  mesures  est  que,pour  la  majority  des  vols rgalisgs ,  las 
hypotheses  sur  la  nature  glectrique  du  milieu  sont  validges  ;  en  particulier,  ni  la 
charge  d'espace  de  eigne  contraire  laissge  par  l'avion  par  tribogleotricitg,  ni  la  char¬ 
ge  d'eapace  crgge  par  lea  dgperditeurs  de  potentiel  n'ont  d'influence  notable  sur  le  champ 
glectrique  meaurg  sur  la  structure. 

6.2  -  Meaure  du  courant  d'impact 

On  a  tout  d'abord  constatg  en  vol  une  memo  tendance  entre  lea  indications  dea  trois 
sondes  d' impact  at  la  valeur  du  potentiel  :  meme  signs,  meme  sens  de  variation.  Cependant, 
le  rapport  entre  les  indications  reapectives  de  ces  capteurs  n'est  pas  constant  ;  les  son- 
dee  situgee  sur  les  bords  d'attaque,  qui  sont  identiquea,  fourniasent  toujours  des  indicsr 
tions  trSs  voisines  ;  par  contre,  le  courant  recueilli  sur  la  sonde  de  radome  n'gvolue  pas 
dans  un  rapport  constant  avec  celui  des  sondes  latgrales.  Ainsi  au  cours  d'une  traversge 
2  vitease  constante  dans  les  prgcipitations ,  l'effet  de  1 ' inhomoggngitg  des  constituents 
locaux  a  pu  etre  observg  par  de  brusques  variations  de  rggime  entre  les  sondes  latgrales 
et  la  sonde  frontale. 


Toutefoia,  dans  la  plupart  des  cas,  le  rggime  de  fonctionnement  de  ces  sondes  reste 
gtabli  pendant  la  traversge  du  nuage,  ce  qui  permet  d'gvaluer  le  courant  total  requ  par 
1 ' avion. 


6.3  -  Rgaultata  obtenus 

Plusieurs  vols  rgalisgs  par  beau  temps  ont  montrg  que  les  propulseurs  de  l'avion 
n'ont  pas  d'influence  sur  lc  potentiel  de  l'agronef. 

Les  courbes  de  la  figure  1 0 raontrentle  bruit  radioglectrique  enregistrg  a  10  kHz  et 
350  kHz  en  fonction  du  potentiel  avion  et  les  courants  d'impact  pour  un  vol  equipotentiel 
sans  dgperditeurs  ;  on  distingue  l'apparition  brutale  d'un  bruit  a  350  kHz  lorsque  le  po¬ 
tentiel  dgpasse  la  valeur  de  90  kV .  Pour  d'autres  vols  avec  dgperditeurs ,  on  a  remarqug 
que  ce  bruit  apparent  aensiblement  pour  la  meme  valeur  du  potentiel  et  ceci  indgpendam- 
ment  du  nombre  et  de  1 ' emplacement  des  dgperditeurs  i  ce  pjint  a  permiB  ainsi  de  confir¬ 
mer  l'amorqage  des  pitots  situgs  sur  les  voilures. 


Afin  de  poursuivre  utilement  1 ' expgr  indentation  dans  des  conditions  d ' glectrisation 
plus  sgveres,  une  protection  antistatique  expgrimentale  des  pitots  a  gtg  mise  en  oeuvre. 
L'adjonction  de  ces  protections  a  Sieve  le  seuil  d'apparition  d'une  decharge  non  protggge 
perturbante  sur  l'avion  ;  ce  seuil  est  passe  de  90  kV  a  250  kV . 


Les  mesures  de  bruit  radioelectrique  dans  la  configuration  Squipotentielle  ont  mis 
en  gvidence  les  points  suivarits  : 

a)  pas  de  perturbations  dStectges  dans  le  domaine  VHP  ou  UHF,  liges  a  l'apparition  de 
dgcharges  "eouronne"  sur  la  structure  ; 


b)  ces  memea  dgcharges  "eouronne"  sur  la  structure  provoquent  un  bruit  de  valeur 

moyenne  glevge  §  la  frequence  de  350  kHz  (frequence  situge  dans  la  bande  d'utili- 
sation  du  radio-compas)  j  elles  provoquent  une  perturbation  faible  a  10  kHz  meme 
dans  le  cas  d'un  couplage  important  avec  l'agrien  de  mesure  (6  dB  au-dessus  du 
bruit  extgrieur)  j 


c)  une  premiere  analyse  des  rgsultats  portant  sur  l'efficacitg  des  dgperditeurs  mon- 
tre  que  pour  de  faibles  valeurs  du  potentiel  de  l'avion,  le  nombre  de  dgperditeuis 
intervient  sur  la  valeur  du  courant  gvacug  ;  par  contre, lorsque  le  nombre  de  dg¬ 
perditeurs  est  suffisant,  l'efficacitg  de  dgcharge  n'en  dgpend  plus  ;  ces  resul- 
tats  apparaiBsent  clairement  sur  les  courbes  de  la  figure  11,  les  vols  giant  ef- 
fectugs  aensiblement  £  la  meme  altitude  ; 

d)  au  eours  d'un  vol  £  1*000  m  d '  altitude,  1  '  avion  etant  gquipg  d'une  installation  de 
dgperditeurs ,ttucune decharge  "eouronne"  parasite  ne  s'amorce  sur  la  structure  alors 
que  le  potentiel  a  atteint  300  kV  pour  un  courant  d'impact  voisin  de  1  mA  j 

e)  une  premiere  comparaison  entre  les  essais  de  polarisation  haute  tension  rgalisgs 
au  sol  et  les  essais  en  vol  peut  etre  gtablie  £  l'aide  des  courbes  de  la  figure 
12  ;  on  constate  que  la  caracteristique  d'efficacitg  des  dgperditeurs  en  vol, 
correspond  £  un  courant  gvacug  nettement  plus  glevg  qu ' au  sol.  Deux  effets  sont 
£  l'origine  de  cette  diffgrence  d'efficacitg  : 

-  les  essais  au  sol  ne  font  pas  intervenir  l'effet  du  vent  sur  le  courant  gvacug 
par  les  dgperditeurs  ; 

-  l'effet  d'altitude  correspond  £  une  diminution  de  la  pression  et  se  traduit  par 
une  augmentation  du  courant  gvacug  ; 
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5  diglectnques  non  traitgs  our  1' avion  n'est  oaraetgri- 
i  •»<•?  +  1  “PPantion  da  dgcharges  rampantes.  Lee  eourbea  de  la  figure  13  montrent 
l  ®ffet  de  ces  dSoharges  aur  Involution  du  potentiel  aeaurg  derrilre  *  * 

daux  panneaux  particulur.  traitga  ;  cea  dgcharges  provoqueut  dea  perturbations 
i  frequences  glevgea  (130  MHz  et  390  MHz)  ;  ces  rgsultata  sont  en  coura  d'analyse. 


Dea  essais  en  vol  aur  un  avion  METEOR  ont  permia  de  mettre  en  gvidenee 
p»?u^ertUrt>fttl°!?S  d'ori*in*  Electros  tat  ique ,  le  domaine  de  frgquence  le  plus  affectg  gt»nt 
dgiaiaantrp^°vvant  ^/adi°-00“Pa8-  L'*vion  peut  atteindre  en  vol  l„  ,ot«tiS. gJaygl 
telscouranta  d*?.ooura“t8  d'lfflP?et  de  l'ordre  de  1  aA.  On  a  aontrg  qua,  pour  de 

gaaiemln?11^11^11  **  d|cllareefl  ^ampanteB  aur  dea  paroia  digleetriquea  non  protgggea  a 

i88  *5  fi^dence  en  vo1,  La  rSeliaetion  d'ea.ai.  oo»plg»,ntair.a  ainii  eue 
1  exploitation  dea  rgsultata  de  vol  doit  ae  pouraui vre  pendant  l'annge  1980.  4 
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THE  BEHAVIOUR  OF  CFRP  PANELS  IN  METAL 
AIRCRAFT  DURING  SIMULATED  LIGHTNING  STROKES 


B . J . C .  Burrows  and  A.W.  Hanson 
UKAEA  Culham  Laboratory 
Abingdon,  Oxfordshire  0X14  3DB 
England 


SUMMARY 


The  current  flow-pattern  in  a  CFRP  panel  and  the  surrounding  metal  skin  changes  signifi¬ 
cantly  during  a  current  pulse  simulating  a  lightning  stroke.  Measurements  of  the  current 
distribution  changes  are  made  and  compared  with  a  theoretical  treatment.  The  effects  of 
different  lay-ups  of  CFRP  and  different  methods  of  mounting  the  panel  are  described. 

Obscrvi  tions  are  made  of  the  influence  of  thin  metal  foils  used  to  cover  the  outer  sur¬ 
face  on  the  screening  provided  by  CFRP  panels  to  simulated  lightning  current  pulses. 
Screering  by  complex  panels  consisting  of  an  aluminium  honeycomb  sandwiched  between  two 
CFP.P  skins  is  compared  with  these  results.  The  direct  damage  suffered  by  both  types  of 
panels  is  also  described,  and  their  behaviour  analysed  theoretically. 

1.  INTRODUCTION 

In  parallel  with  research  and  development  on  the  mechanical  properties  of  carbon  fibre 
reinforced  plastic  (CFRP)  composites  for  aircraft  use,  the  electrical  properties  are 
being  examined  in  several  centres.  Lightning  poses  a  special  type  of  electrical  threat 
to  aircraft  and  must  be  considered  where  carbon  fibre  composite  is  used  as  a  skin 
material.  There  is  then  the  possibility  of  a  direct  lightning  attachment  to  the  CFRP 
panel,  or  more  frequently,  to  a  pulsed  high  intensity  conducted  current. 

This  paper  reviews  some  of  the  contributions  by  Culham  Laboratory  Lightning  Studies  Unit 
on  the  electrical  performance  of  CFRP  skin  panels  in  a  metal  aircraft,  and  discusses 
current  f±ow,  screening  of  induced  voltages,  protection  techniques  and  direct  damage. 

2 .  COMPARISON  OF  METAL  AND  CARBON  FIBRE  STRUCTURES 


An  all  metal  fuselage  of  conventional  construction  uses  aluminium  alloy  skinning,  at  the 
very  least  1mm  thick  and  more  normally  2mm  or  more.  Fortuitously,  aluminium  is  one  of 
the  best  electrical  conductors,  endowing  the  aircraft  with  a  very  effective  self¬ 
shielding  to  lightning  current  since  the  high  amplitude  fast  rising  pulses  of  current 
flow  only  on  the  outside  skin  ('skin  effect')  and  neither  magnetic  flux  rior  current 
diffuse  to  the  inside  surface  in  times  of  interest.  The  current  distribution  around  the 
fuselage  is  not  resistively  controlled,  but  inductively  controlled  and  depends  on  the 
fuselage  or  wing  cross  section  profile.  For  example  a  wing  shows  a  larger  surface 
current  density  J8  at  the  leading  and  trailing  edges  than  at  the  mid-chord  position  by  a 
factor  of  approximately  4,  whereas  the  thickest  metal  and  hence  lowest  resistance  is  in 
the  centre  box  section.  If  current  flow  were  resistively  controlled,  the  box  section 
would  carry  most.  However,  carbon  fibre  composites  have  a  resistivity  of  three  orders 
of  magnitude  (103)  greater  than  aluminium  and  skin  effect  is  not  discernable  below 
approximately  10MHz.  (The  diffusion  time  to  the  inside  surface  of  a  2mm  CFRP  panel  is 
a  few  nanoseconds  only.) 
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Significant  resitive  voltages  will  be  produced  in  a  CFRP  structure  -  up  to  lOOOV/m. 
The  diffusion  flux  will  couple  to  circuits  within  the  aircraft  close  to  the  skin, 
generating  voltages  of  the  same  order  in  the  wiring. 

3.  RESISTIVE  AND  DIFFUSION  FLUX  INDUCED  VOLTAGES 


!  3 


As  an  illustration  of  the  importance  of  resistive  voltages  in  aircraft  containing  carbon  | 

fibre,  Figure  1  shows  a  metal  'fuselage'  with  a  carbon  fibre  skin  panel.  Diffusion  flux  j 

is  shown  penetrating  the  carbon  fibre  panel,  so  that  it  enters  and  leaves  the  internal 
volume,  but  it  does  not  cut  the  metal.  The  similarity  between  the  flux  patterns  in  '! 

Figures  1  and  the  open  aperture  flux  in  Figure  2  is  clear.  2 


However,  the  time  variation  of  the  flux  within  the  interior  is  not  the  same  in  the  two 
figures.  In  Figure  2,  the  rate  of  change  of  flux  is  proportional  to  the  rate  of  change 
of  lightning  current.  By  contrast,  d<j>/dt  within  the  interior  of  Figure  1  is  proportional 
to  (the  resistive  voltage  along  the  CFRP  panel).  This  can  be  verified  by  considering 
a  closed  path  ABCD  and  (ABCD')  on  the  inside  surface  of  the  metal  and  CFRP  as  in  Figure 
3.  Path  AB  is  in  the  centre  of  the  panel.  The  total  sum  of  pd's  and  induced  emf's 
around  the  path  ABCD  must  equal  zero.  Therefore  the  resistive  pd  along  path  AB  must  be 
balanced  by  an  emf  generated  by  the  diffusion  flux  rate  of  change  3<t> d / dt  entering  via 
ABCD  and  leaving  via  ABC'D'  as  in  Figures  1  and  3.  All  other  pd's  in  this  loop  are  zero 
since  skin  effect  in  the  metal  keeps  current  mainly  to  the  outside  surface.  Therefore 

VR  =  JB  pm  =  ^  (V/n’)  (1) 


Jg  is  the  local  bulk  current  density  in  the  CFRP  (assumed  constant  across  the  thickness 
of  the  panel)  and  pm  is  the  mean  effective  resistivity  of  the  CFRP. 


Fig.  1  Magnetic  diffusion  flux  entering  fuselage  Fig.  2  Magnetic  flux  lines  in  an  aperture 
interior  through  carbon  fibre  composite  of  a  metal  structure 

panel.  Field  lines  cut  the  CFRP  but  not 
the  metal 


Two  important  conclusions  from  equation  1  are  that  diffusion  flux  induced  voltages  will 
have  nearly  the  same  waveform  and  spectrum  as  the  current  pulse,  so  lacking  the  high 
energy  at  high  frequencies  which  aperture  flux  voltages  exhibit,  and  that  the  maximum 
voltage  which  can  be  induced  on  a  single  turn  loop  by  diffusion  flux  is  equal  to  the 

peak  J3  ppi  voltage  on  the  panel 
through  which  the  diffusion  flux 


is  penetrating.  Diffusion  flux 
voltages  can  therefore  be  calcu¬ 
lated  quite  simply  from  the  re¬ 
sistive  voltage  as  described  pre¬ 
viously.  Thus  it  can  be  seen  that 
if  the  CFRP  panel  is  sufficiently 
thick  Jg  Pm  will  be  small  so  pro¬ 
viding  good  screening  against  the 
changing  magnetic  field.  Also, 
because  CFRP  is  a  conductor,  it 
acts  as  a  Faraday  shield  to  exter¬ 
nal  electric  fields  and  shields 


them  effectively  even  in  thin 
sheets . 


Figure  3  interior  flux  distribution*  for  cylhdrical  model 
(b)  is  an  enlarged  view  from  the  inside  of  the 
cylinder ,  of  the  dashed  loop  shown  in  (a) 
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CURRENT  DENSITY  IN  CFRP  PANELS 


In  considering  CFRP  metal  structures  we  use  Jr,  the  bulk  or  volume  current  density  in 
(A/m1)  which  Is  the  appropriate  current  density  for  consideration  of  local  voltages 
within  the  metal.  The  electric  field  along  the  surface  of  a  conductor  is  Jg  where 
Jg  is  the  current  density  in  the  surface  layer.  However,  in  any  discussion  of  skin 
effect  and  inductive  current  distribution,  the  surface  current  density  Js  (A/m)  is  a 
useful  concept.  It  is  a  measure  of  current  flowing  along  a  conductor  per  unit  width. _ 
The  two  are  related  (in  CFRP  panels  in  which  skin  effect  is  negligible)  by  the  following 
equation,  in  which  h  is  the  panel  thickness: 


■  £  (A/"') 


Now,  owing  to  the  very  fast  diffusion  time  in  CFRP  ref erred  to  above,  the  value  of  Jg 
does  not  vary  through  the  thickness  of  the  panel  for  all  the  components  of  lightning 
less  than  about  1MHz,  but  at  high  frequencies  skin  effect  is  apparent.  Above  10MHz 
appreciable  variation  of  Jg  will  occur  through  the  thickness  of  the  skin  material. 

Regarding  the  low  frequency  current  distribution  across  the  width  of  a  panel,  measure¬ 
ments  were  made  of  the  lew  frequency  variation  of  J8  (and  hence  Jg)  on  a  CFRP  panel 
covering  a  square  aperture  in  the  Hawker  Hunter  fuselage  using  a  fast  pulse  waveform. 
Current  densities  were  obtained  by  taking  measured  values  of  voltages  between  three 
pairs  of  contact  points  as  shown  in  Figure  4  and  dividing  by  the  mean  bulk  resistivity 
Pm,  which  had  been  established  in  previous  work  on  a  small  test  fixture  (Burrows,  Luther 
and  Pownall  1977).  For  these  panels  which  incorporated  8  x  t  45°  plies  and  8  x  90°  piles 
pm  =  7500  x  10“ 1  ftm.  These  values  were  then  converted  to  the  surface  current  density  Jg. 

Figure  5  shows  the  variation  of 
peak  current  density  over  the 
panels  as  measured  in  the  tests. 

Diagnostic  wire  .Aperture  shown  dotted  assuming  both  halves  of  the  pane), 

inside  fuselage  /  g  are  symmetric. 


.Aperture  shown  dotted 
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The  dashed  line  indicates  the  mean 
surface  current  density  (mean) 
around  the  approximately  circular 
fuselage  estimated  from: 

I, 

J„  (mean)  •—  - 


x  10* (A/m) 


_ I 


Underside  view  of  fuselage 


Fig.  4  Test  arrangement  for  current  density 
and  voltage  measurements 


J  The  peak  current  density  in  the 

j  centre  of  the  panel  is  seen  to  be 

.  I  _ r. —  —  — - ---■  ~  —  "-1  1  very  close  to  the  mean  current 

density  around  the  fuselage  so 

Underside  view  of  fuselage  confirming  the  observation  above 

that  the  Inductive  voltage  from 
such  a  high  di/dt  pulse  is  suf¬ 
ficient  to  drive  nearly  the  full 
average  current  through  the  highly 
resistive  CFRP  panel.  Hence  a 
first  estimate,  a  ’worst  case’ 

_  figure,  of  maximum  current  density 

Fig.  4  Test  arrangement  for  current  density  in  the  centre  of  a  carbon  fibre 

and  voltage  measurements  Pfiel  ^n  assume  inductive  sharing 

»  of  current  around  the  fuselage  or 

wing.  The  humped  nature  of  the 
current  distribution  might  seem 

surprising  at  first,  but  an  insight  to  this  distribution  can  be  obtained  by  consideration 
of  the  rectangular  path  ABCD  of  Figure  3.  If  flux  is  entering  and  leaving  all  over  the 
area  of  the  CFRP  panel,  then  paths  similar  to  ABCD,  but  with  AB  closer  to  the  metal,  will 
enclose  less  flux,  and  from  equation  1,  the  local  Jg  (and  hence  Js)  will  also  be  less, 
so  giving  the  peaked  profile  observed. 

The  time  variation  of  current  distribution  further  complicates  the  analysis,  and  the 
above  discussion  applies  to  peak  values.  To  understand  the  time  variation,  let  us  take 
a  fast  rising  unidirectional  pulse  of  current  through  the  whole  structure  as  in  Figure  6 
(lower  trace). 

The  voltage  along  AB  (Figure  3)  has  the  form  of  the  upper  trace  indicating  a  reversal  in 
current  flow  at  two  divisions  after  the  start.  Although  initially  this  is  also  sur¬ 
prising,  clearly  all  the  flux  that  diffuses  in  to  give  the  pattern  shown  in  Figure  1  has 
to  diffuse  out  again  when  the  current  falls,  so  difip/dt  must  change  sign,  and  therefore  Ja 
(or  I)  changes  sign  within  the  CFRP.  This  would  not  occur  in  a  circular  homogenous 
structure  of  CFRP  but  will  occur  in  any  representative  structure  ir.  which  high  and  low 
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conductivity  materials  are 
used,  or  where  construc¬ 
tion  gives  the  possibility 
of  current  concentration 
e.g.  at  longerons.  This 
effect  has  been  observed 
in  numerous  tests . 


Position  across  CFRP  pands  Ish  fig.  4) 


Fig.  5. Current  density  across  CFRP  panel 


Xnducad  volt»g«  w»v«form. 

Vertical  ••mitivity  ■  51  V/Dlvlsion. 

TIm  baa*  “  luo/Divliion. 

'Unipolar*  taat  currant  waveform. 
1*8  kA. 


Fig  6  IR  voltage  measured  as  in  Fig  4 
showing  current  reversal.  This 
occurs  when  the  CFRP  is  shunted 
by  metal  structure. 


EFFECTS  OF  CARBON  FIBRE  PLY  LAY-UP  ON  RESULTS  OF  TESTS 


The  effective  panel  resistivity  in  the  direction  of  current  flow  determines  the  magnitude 
of  induced  voltages  and  the  magnitude  of  the  internal  flux  densities.  Basically  panel 
resistivity  depends  om- 

1.  Number  of  piles  at  0°  or  45°  to  direction  of  current  flow  (90°  plies 
do  not  contribute  to  the  conductivity) ; 

2.  Presence  of  a  conducting  honeycomb  (see  below): 

3.  Fixing  techniques,  ie . ,  whether  countersunk  screws,  quick  release 
fasteners,  or  simple  hinges  are  used  on  the  side  perpendicular  to  the 
current  flow  direction. 

6 .  FOIL  SCREENING 

Some  work  has  been  done  on  induced  voltage  reduction  on  carbon  fibre  panels  using  5ym 
(0.2  x  10~s  inches)  aluminium  foils.  In  the  tests,  strips  were  stuck  to  the  CFRP  test 
panel  measuring  .5m  x  .5m,  both  overlapping  and  butted.  In  sortie  tests  the  foil  joints 
were  parallel  to  the  current  flow  and  in  others  perpendicular. 

The  results  of  the  tests  indicate  that:- 

1.  For  parallel  strips,  the  induced  voltage  could  be  easily  predicted  from 
the  combination  of  the  parallel  resistance  of  the  foils  and  the  CFRP 
panel,  and  the  joint  type  was  immaterial.  5ym  foil  improved  the 
screening  of  a  thin  CFRP  panel  by  a  factor  of  20. 
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7. 


2.  For  perpendicular  joints  in  the  foils,  sparking  occurred  at  both  butted 
and  overlap  joints  and  the  induced  voltages  on  wires  within  were  much 
higher  than  at  one  above  and  more  variable  from  pulse  to  pulse. 

ALUMINIUM  HONEYCOMB /CARBON  FIBRE  PANELS 


Aluminium  honeycomb  sandwich  panels  having  carbon  fibre  skins  provide  much  technical 
interest  and  complexity  owing  to  the  large  number  of  variables :- 

a)  Ply  lay-up,  thickness  of  skin,  and  orientation  of  laminae  in  the  outer 
skin: 

i 

b)  Properties  of  any  insulating  layer  between  outer  skin  and  aluminium. 

c)  Thickness,  density  and  ribbon  orientation  of  honeycomb. 

d)  Properties  of  any  insulating  layer  between  aluminium  and  second  laminate. 

e)  Ply  lay-up  etc.  of  inner  skin. 

f)  Design  of  close-outs. 

g)  Fastening  techniques. 

h)  Moulding  techniques. 

Whereas  carbon  fibre  laminates,  within  themselves  are  linear  over  more  than  five  orders 
of  magnitude  of  current  density  (Burrows,  Luther  and  Pownall  1977)  the  joints  to 
fasteners,  CFRP/aluminium  interfaces  and  the  close-outs  give  considerable  non-linearity 
in  the  V/I  characteristic  as  a  function  of  absolute  amplitude  (Burrows,  Luther  and 
Pownall  1977).  For  example,  a  certain  type  of  joint  design  was  shown  to  have  a  V/I 
characteristic  as  below: - 

V  «  I"-*5  (4) 

so  dc  testing  will  give  misleading  results  since  current  densities  have  to  be  low  to 
avoid  heating.  The  characteristic  given  in  equation  (4)  was  obtained  in  fast  pulse 
tests.  Morerecent  tests  have  shown  that  the  ribbon  orientation  (ie.,  parallel  to  or 
perpendicular  to  current  flow)  and  the  extent  to  which  the  ribbons  make  contact  with  the 
fasteners  determines  the  overall  performance  as  lightning  screen. 

The  non-linearity  of  this  and  other  composite  materials  has  important  consequences  re¬ 
garding  the  testing  of  large  structures,  which  require  very  high  current  pulses  for 
realistic  results  (Burrows  1980). 


8. 


NOMEX  HONEYCOMB/CARBON  FIBRE  PANELS 


Nomex  honeycomb  sandwich  panels  do  not  display  the  same  complexity  a3  aluminium  honeycomb 
since  nomex  is  an  electrical  insulator.  Therefore  the  performance  of  the  sandwich  panel 
depends  upon  the  CFRP  skins  only,  and  the  close-out  and  fastening  details.  The  same 
applies  to  all  insulating  honeycomb  materials,  e.g.  the  new  glass  fibre  honeycomb. 


9. 


DIRECT  DAMAGE  TO  CFRP  AND  CFRP /HONEYCOMB  PANELS 


Direct  damage  to  carbon  fibre  composites  may  occur  as  a  result  of: 

9.1  Arc  attachment  damage. 

9.2  Ohmic  heating. 

9.3  Sparking  at  glue  lines  or  Other  insulating  boundaries  in  either  the 
CFRP  itself  or  in  metal  components  imbedded  in  it  (e.g.  aluminium 
honeycomb) . 


9.1 


Arc  Attachment  Damage 


As  with  metal  skins ,  direct  arc  attachment  to  a  CFRP  skin  causes  arc  root  damage  due  to 
the  intense  local  heating  by  the  arc  and  by  the  high  local  current  density.  However, 
the  laminated  construction  of  CFRP  helps  to  minimise  burn  through  by  the  arc  because  of 
the  electrical  and  thermal  insulation  between  layers.  Usually  no  more  than  three  plies 
are  burnt  through,  and  the  damage  sustained  is  confined  almost  entirely  to  the  surface. 
The  resin  is  burnt  away,  the  carbon  fibres  break,  and  this  produces  the  typical  tufted 
appearence  of  arc  root  damage.  Thin  panels  can  be  punctured,  or  fractured  by  the  acou¬ 
stic  and  magnetic  pressures  caused  by  very  high  pulsed  currents.  This  damage  differs 
from  that  described  above  in  that  the  resin  is  not  burnt  away,  and  the  composite  is 
delaminated,  fractured,  and  splintered,  but  the  splinters  remain  discrete  pieces  of  com¬ 
posite  complete  with  their  resin.  Should  a  high  pulse  current  be  followed  by  a  contin¬ 
uing  current,  the  splinters  of  composite  will  be  subject  to  damage  from  the  arc  as  will 
any  material  behind  the  panel  such  as  the  core  of  a  sandwich  panel. 
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9.2  Ohmic  Heating 

Ohm's  law  is  obeyed  in  CFRP  both  for  low  dc  currents  and  high  pulse  currents  of  short 
duration  with  low  action  integrals  where  the  temperature  rise  is  small.  This  is  true 
over  a  very  wide  range  of  current  densities.  However,  in  1977  Scruggs  and  Gadja  ob¬ 
served  that  the  temperature  co-efficient  of  resistance  of  the  fibres  becomes  negative . 
above  65°0,  and  the  bulk  resistivity  of  their  sample  became  non-linear  at  the  transition 
temperature  of  the  resin  system  used  (*  110°C).  Relaxation  of  the  interfibre  contact 
pressures  prcbably  caused  this  non-linearity.  Since  CFRP  laminates  have  an  effective 
bulk  resistivity  of  around  3000  to  3750  x  10"*  flm  (=<  10*  greater  than  aluminium)  greater 
temperature  rises  will  occur  than  would  ue  experienced  in  a  metal.  Temperature  rises 
should  be  kept  to  below  65°C. 

9.3  Sparking 'at  Glue  Lines  and  Interfaces 

Current  crossing  interfaces  within  the  composite  or  at  metal/composite  joints  is  often 
forced  to  take  a  disadvantageous  path  through  the  CFRP  e.g.  crossing  interlaminate 
boundaries.  There  is  therefore  a  far  greater  potential  hazard  at  such  interfaces  than 
exists  at  a  metal/metal  interface. 

Particular  care  must  be  taken  at  glued  interfaces  where  there  is  a  possibility  of  current 
crossing  the  glue  line.  In  such  cases  current  will  tend  to  concentrate  in  voids  in  the 
glue  causing  explosive  expansion  of  the  air  in  the  void,  and  subsequent  failure  of  the 
glue  line. 

In  a  similar  manner  aluminium  honeycomb  in  CFRF  sandwich  panels  can  give  rise  to  explo¬ 
sive  delamination  of  the  panel  when  current  in  the  honeycomb  crosses  the  honeycomb  inter¬ 
foil  glue  lines.  Aluminium  honeycombs  are  very  sensitive  to  this  type  of  failure  and  a 
detailed  investigation  of  the  lightning  hazards  must  be  made  if  they  are  used  in  air¬ 
craft. 

10.  SURFACF  PROTECTION  OF  CFRP  WITH  METALLIC  LAYERS 

Protection  against  the  effects  of  arc  root  attachment  damage  can  be  achieved  with  little 
weight  penalty,  by  tho  use  of  very  thin  surface  layers  of  aluminium; _ flame  sprayed  or 
foil.  This  layer  can  be  painted,  and  acts  as  a  'sacrificial'  layer  in  theevent  of  a 
lightning  attachment,  and  is  preferentially  vaporised  by  the  arc  owing  tc  its  lower  arc 
voltage  than  carbon  rich  arcs.  Such  a  layer  protects  against  both  the  arc  root  and  the 
ohmic  heating  damage  referred  to  above. 

11.  CONCLUSIONS 

From  the  structural  engineers  standpoint,  CFRP  offers  many  advantages  in  terms  of 
strength,  weight,  and  stiffness.  However,  the  electrical  properties  of  carbon  fibre  are 
such  that  great  care  is  needed  in  the  application  of  CFRP  to  aircraft  structures  to  avoid 
EMC  and  lightning  problems.  This  paper  has  illustrated  some  of  the  characteristics, 
some  problems  ard  solutions  which  are  important  for  proper  use  of  CFRP. 

To  build  safe  aircraft,  containing  large  amounts  of  composite,  will  require  close  co¬ 
operation  between  the  electrical  and  structural  engineers. 
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INFLUENCE  ON  ANTENNA  GAIN  AND  POLARIZATION  PURITY  OF  REFLECTORS 
MANUFACTURED  FROM  CARBON  FIBRE  COMPOSITE  MATERIALS 


L.  Heichele 

M8B  Antenna  Department 
Munich,  Germany 


SUMMARY 

The  effects  on  the  RF-antenna  performance  of  reflectors  manufactured  out  of  carbon  fibre  rein¬ 
forced  plastics  (CFRP)  have  been  investigated  by  experimental  work.  The  test  equipments  used,  are  de¬ 
scribed  and  an  extensive  number  of  results  are  given  in  this  paper.  The  measurements  cover  the  frequency 
range  from  2  GHz  to  18  GHz.  The  polarization  dependency  of  loss  and  the  effects  on  the  phase  are  given 
for  different  CFRP-types.  The  RF-tests  of  a  realized  offset  reflector  satellite  antenna  manufactured  from 
CFRP  with  an  aperture  diameter  of  2  m  are  described.  The  measured  far  field  characteristics  are  shown  and 
compared  with  theoretical  results  and  CFRP  sample  measurements. 


1.  INTRODUCTION 

The  increasing  interest  in  communication  satellite  systems  has  stimulated  the  development  of  new 
technologies  for  satellite  reflector  antennas.  The  demand  for  narrow  spaced  communication  services  and 
for  frequency  bandwidth  has  led  to  the  development  of  antenna  s;  sterns  which  have  to  achieve  extremely 
high  electrical  performances.  Therefore  the  trend  in  the  design  of  advanced  communication  satellite  an¬ 
tennas  necessitates  high  efficient  multiple  beam  -  or  shaped  beam  antennas  using  dual  polarized  feed  sys¬ 
tems.  Particularly  the  most  essential  electrical  characteristics  which  should  be  performed  by  these  an¬ 
tennas  are: 

-  high  radiation  efficiency  (l'O  %  -  60  *)  in  the  single  beams  or 
shaped  beam  in  order  to  minimize  the  necessary  power  supply 

-  low  controlled  sidelobe  radiation  {<-30  dB)  to  avoid  interference 
between  neighbouring  communication  services 

-  high  polarization  purity  (<-35  dB)  in  order  to  allow  frequency 
re-use  within  the  same  antenna  beam  or  to  provide  high  isolation 
between  neighbouring  beams  operating  in  the  same  frequency  band 

-  high  pointing  accuracy  ( ^ 1/10  of  the  helf  power  beamwidth)  is 
also  important  in  order  to  perform  accurate  coverage  of  the  service 
area  and  to  avoid  interference  with  other  services 

These  stringent  electrical  requirements  on  the  satellite  reflector  antennas  are  closely  associ¬ 
ated  with  the  mechanical  and  thermal  behaviour  of  the  reflecting  structures.  A  complex  interrelation  be¬ 
tween  electrical  and  mechanical  properties  has  to  be  treated  in  order  to  find  out  the  optimum  design  of 
an  antenna  for  space  applications.  The  main  dependencies  influencing  the  electrical  and  mechanical  per¬ 
formance  of  a  reflector  antenna  are  shown  in  the  block  diagram  of  figure  1.  It  is  obvious  that  the  reflec¬ 
tor  material  is  of  significant  influence  on  the  electrical  performance  in  satellite  antenna  systems, 
where  rigorous  restrictions  on  mass  exist.  The  important  mechanical  character  sties  of  a  reflector  like 
mechanical  stiffness,  surface  accuracy  and  thermal  behaviour  usually  can  be  ..proved  by  taking  more  mass 
into  account,  or  by  using  new  more  advantageous  reflector  materials.  The  ca.  jn  fibre  reinforced  plastics 
(CFRP)  appears  to  be  a  most  favourable  material  for  the  construction  of  light-weight  antenna  reflectors. 
The  use  of  CFRP-materials  in  *eflector  antennas  leads  to  a  considerable  improvement  in  the  requirements 
of  low  mass,  accurate  surface  and  high  stiffness  of  the  structure  because  of  the  low  density,  high  modu¬ 
lus  of  elasticity  combined  with  a  low  thermal  expansion  coefficient  of  the  material.  It  was  shown  by  re¬ 
cent  measurements  that  the  RF-reflectivity  of  these  materials  is  close  to  that  of  metallic  surfaces. 
However,  these  invest!  ations  have  also  pointed  out  that  CFRP-materials  can  have  serious  losses  and  ef¬ 
fects  which  are  polarization-dependent  caused  by  the  structure  of  the  fibres  and  from  the  manufacturing 
process. 


2.  CHARACTERISTICS  OF  CFRP-MATERIALS 


2.1  Typical  Mechanical  Properties  of  Carbon  Fibre  Laminates 

CFRP-materials  consist  of  layers  of  thin  carbon  fibres  incorporated  in  an  epoxy  resin  system. 

Two  types  of  carbon  fibres  are  considered:  the  HM-fibre  type  having  a  high  modulus  of  elasticity  and  the 
HT-fibres  yielding  high  tensile  strength, 

Yarns  of  these  fibres  are  tied  together  in  manufacturing  processes  to  mainly  three  CFRP-struc- 
tures.  These  arrangements  of  the  fibres  are  the  unidirectional  carbon  fibre  layers,  carbon  fibre  skins 
which  are  produced  by  a  filament  winding  procedure  and  the  fibre  materials  woven  like  fabric.  The  surface 
structure  of  these  types  of  carbon  fibre  materials  are  shown  in  figure  2. 
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In  the  manufacturing  process  for  unidirectional  composites  two  or  more  sheets  of  equal  orientated 
fibres  are  deposited  on  oneanother.  The  angle  between  the  direction  of  the  fibre  layers  of  the  different 
sheets  can  be  chosen  in  such  a  way  that  the  CFRP-material  performes  orientation-independent  mechanical 
characteristics.  The  unidirectional  carbon  fibre  material  is  generally  pre-impregnated  with  the  epoxy 
resin  system  (Prepreg)  and  hardened  under  pressure  in  moulds  at  higher  temperatures. 

In  the  filament  winding  procedure,  carbon  fibre  skins  are  deposited  by  winding  fibre  yarns  on  a 
large  rotating  drum.  The  axial  traverse  of  the  yarns  produces  a  typical  pattern  on  the  rotating  cylinder. 
After  this  procedure  the  cylindrical  fibre  skin  is  opened  and  can  be  cut  in  pieces  for  further  manufac¬ 
turing. 


Common  known  pattern  of  fabric  can  also  be  produced  with  carbon  fibre  materials  and  pre-impreg¬ 
nated  with  the  epoxy  resin  system.  An  example  of  perpendicular  woven  fibre  tapes  is  shown  in  figure  2. 

The  mechanical  and  thermal  performances  of  the  CFRP-material s  depend  on  the  manufacturing  process, 
on  the  structure  and  the  thickness  of  the  skin  and  on  other  specific  mechanical  and  geometrical  aspects. 
Therefore  only  some  very  typical  average  values  can  be  given,  describing  the  main  mechanical  properties 
of  the  CFRP-material. 


Typical  mechanical  values  of  CFRP-skins: 

7/um  -  8  /Uin 
0.5  mm  -  0.05  mm 


fibre  diameter 
ply-thickness 
fibre  volume 

thermal  expansion 
coefficient 

temperature  range 

density 


50  *  -  60  X 

1  -  2  x  10‘6  K*1 
100  -  400  K 
1.6  g/cm3 


[22  x  IQ’6  K”1  AL) 
(2.7  g/cm3  AL) 

(70  kN/mm2  AL) 

(  200  N/mm2  AL) 


Young's  modulus  in  fibre  direction 
HT-material  130  kN/mm2 

HM-material  225  kN/mm2 

tensile  strength  in  fibre  direction 
HT-material  1.6  kN/mm2 

HM-material  1.4  kN/mm2 


For  some  purposes  it  may  be  useful  to  compare  the  above  values  with  those  of  aluminium.  This  com¬ 
parison  indicates  the  mechanical  advantage  which  achieves  the  CFRP-material  and  which  makes  it  to  one  of 
the  most  favourable  materials  for  spacecraft  reflector  antennas. 


2.2  Electrical  Properties  of  CFRP 


2.2.1  Measurements  of  the  RF-Losses  of  Carbon  Fibre  Laminates 

Recent  publications  have  pointed  out  that  the  RF-reflectivity  of  carbon  fibre  laminates  can  be 
close  to  that  of  metallic  surfaces.  However,  materials  consisting  of  fibres  or  grids  do  not  usually  yield 
a  homogenous  surface  for  microwaves.  In  order  to  investigate  the  effect  of  carbon  fibre  layers  on  micro- 
waves  a  number  of  different  manufactured  probes  of  carbon  fibre  laminates  have  been  tested  in  the  frequen¬ 
cy  band  2  GHz  to  18  GHz.  The  general  test  equipment  used  for  these  investigations  is  shown  in  figure  3. 
The  CFRP-probe  was  aligned  accurately  near  the  aperture  of  a  small  corrugated  surface  horn.  Balancing  the 
RF-bridge  with  the  precision  attenuator  and  the  movable  short  located  in  the  other  arm  of  the  bridge,  the 

reflected  wave  can  be  determined  from  the  position  of  the  attenuator  and  the  movable  short.  For  the  cali¬ 

bration  of  the  bridge  the  probe  was  replaced  by  a  polished  aluminium  plate  of  the  same  size.  The  magni¬ 
tude  and  the  phase  of  the  RF-reflection  factor  of  the  probe  material  with  respect  to  the  aluminium  sur¬ 
face  was  then  calculated  from  the  difference  of  the  adjustment  of  the  attenuator  and  the  short.  In  order 
to  prove  an  orientation  dependency  of  the  carbon  fibre  laminates  the  measurement  was  carried  out  several 
times  aligning  the  probe  in  different  angular  positions  with  respect  to  the  radiated  electric  field  of 
the  horn.  A  selection  of  the  measured  magnitude  of  the  power  reflection  coefficients  is  given  at  discrete 
frequencies  for  meshed  carbon  fibre  laminates  in  table  1  and  for  unidirectional  CFRP  in  table  2. 

The  essential  aspects  which  can  be  derived  from  the  measurements  are  that  carbon  fibre  laminates 
can  perform  extremely  high  reflectivity.  But  the  investigations  also  point  out  that  the  RF-losses  of  car¬ 
bon  fibre  layers  show  a  more  increasing  tendency  than  metallic  surfaces.  This  degradation  from  the  RF- 

performance  is  mainly  caused  by  the  macrostructure  of  surface  pattern  of  the  layer  and  the  microstructure 

of  the  carbon  fibre  epoxy  resin  system. 

In  general  the  properties  of  the  investigations  of  carbon  fibre  laminates  can  be  summarized  as 

follows: 


Meshed  carbon  fibre  structures  such  as  filament  wound  and  carbon  fibre  fabric  act  as  a  homogenous 
surface  at  microwave  frequencies.  A  condition  for  this  behaviour  is  that  the  meshes  of  the  structure  are 
orthogonal  symmetric  and  small  compared  with  the  wavelength.  The  measured  frequency  dependent  reflection 
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coefficient  for  a  typical  example  of  a  filament  wound  carbon  fibre  skin  is  shown  in  figure  4.  The  meas¬ 
ured  values  are  independent  of  the  angular  orientation  of  the  probe  with  respect  to  the  incident  electric 
field.  However,  the  shape  of  the  phase  indicates  that  the  wave  penetrates  into  the  material.  Therefore 
it  can  be  assumed  that  the  decrease  in  reflectivity  is  mainly  caused  by  the  losses  of  the  epoxy  resin. 

Unidirectional  carbon  fibre  layers  generally  produce  an  orientation  dependent  reflection  loss 
and  cannot  be  considered  as  homogenous  materials  in  the  microwave  range.  This  effect  is  caused  by  the 
orientation  dependent  depth  of  penetration  of  the  wave  into  the  material.  The  experiments  have  pointed 
out  that  this  depth  of  penetration  and  consequently  the  losses  caused  by  the  epoxy  resin  is  a  function  of 
the  fibre  orientation,  the  thickness  of  the  layers  and  the  value  of  the  fibre  fraction  in  the  layer. 

Figure  5  shows  the  measured  orientation  dependent  reflection  factor  of  a  typical  unidirectional  carbon 
fibre  material.  Comparing  the  RF-reflectivity  at  one  frequency  point  of  unidirectional  carbon  fibre  la¬ 
minates  with  different  ply  thickness  the  measured  values  show  approximately  a  linear  dependency.  For  the 
frequency  12  GHz  this  was  evaluated  and  drawn  in  figure  6.  The  dependency  of  the  RF-reflectivity  on  ori¬ 
entation  angle  and  ply  thickness  indicates  that  most  of  the  carbon  fibres  are  not  in  a  conductive  condi¬ 
tion  in  the  layer  but  are  isolated  by  thq  epoxy  resin.  The  microstructure  of  some  carbon  probes  (figure  7) 
has  shown  that  this  assumption  was  realistic.  In  addition,  areas  of  low  fibre  density  can  be  found  in  the 
microstructure  which  allow  also  a  penetration  of  the  incident  wave.  In  the  case  of  the  meshed  carbon 
fibre  materials  the  areas  where  the  fibres  cross  mutually  are  filled  at  the  surface  with  pure  epoxy  resin 
which  causes  remarkable  higher  losses  at  microwave  frequencies. 

The  knowledge  of  the  interdependence  of  the  microstructure  of  CFRP-materials  and  the  RF-losses 
can  give  hints  for  the  manufacturing  process  of  laminates  of  high  RF-performance.  The  characteristic  prop¬ 
erties  of  these  laminates  should  be: 

-  thin  ply  thickness  of  the  surface  layers  0.05  mm 

-  high  fibre  fraction  in  the  surface  layers  60  % 

-  smooth  surface  and  avoidance  of  epoxy  resin  residues  on  the  surface 

-  use  of  carbon  fibres  with  high  electrical  conductivity  (HM-fibres) 

Recent  publications  /I ,7/  have  pointed  out  that  the  DC-conductivities  of  the  carbon  fibre  types 
show  remarkable  discrepancies. 

The  longitudinal  conductivity  values  mentioned  there  are  for  the  high  tensile  strength  (HT)  car¬ 
bon  fibres  approximately  3  -  4  x  10  S/m  and  for  the  fibres  with  very  high  modulus  of  elasticity  HM) 
about  7  -  8  x  1(r  S/m. 

The  effect  on  tne  RF-reflectivity  of  these  two  fibre  types  was  found  by  comparing  the  measure¬ 
ments  of  two  probes  manufactured  with  the  same  epoxy  resin  system.  The  measured  magnitude  of  the  reflec¬ 
tion  coefficient  for 'a  HM-  and  HT-fibre  laminate  shows  the  frequency  dependent  difference  drawn  in 
figure  8. 


2.2.2  Measurement  of  CFRP-Effects  on  Polarization  Pui ity 

The  orientation  dependent  surface  loss  of  unidirectional  carbon  fibre  laminates  causes  crosspolar 
components  in  a  reflector  system.  In  order  to  investigate  the  level  and  the  angular  dependencies  of  the 
effected  depolarization  of  an  incident  wave  on  a  carbon  fibre  surface  a  measurement  was  carried  out  which 
is  sketched  in  figure  9.  The  test  setup  was  a  quasi -monostatic  radar  cross-section  measurement  system. 

The  linearly  polarized  transmitted  and  received  signal  was  separated  by  two  closely  located  horns.  The 
target  was  a  plane  disc  of  an  unidirectional  carbon  fibre  skin  fixed  on  a  turntable.  The  microwave  circuit 
was  calibrated  by  replacing  the  carbon  fibre  disc  by  an  identical  aluminium  disc  of  the  same  size.  Effects 
of  the  support  structures  have  been  cancelled  by  feeding  a  small  signal  with  opposite  phase  in  the  receive 
channel.  The  test  results  for  parallel  and  orthogonal  linear  polarizations  of  the  two  horn  radiators  de¬ 
pendent  on  the  orientation  of  the  surface  fibre  direction  of  the  laminate  are  given  in  figure  10.  These 
measurements  verified  the  orientation  dependency  of  the  loss  of  these  types  of  fibre  laminates  with  or¬ 
thogonal  orientated  fibre  directions  in  the  first  two  sheets.  In  addition  the  effect  of  depolarization 
with  a  maximum  near  the  45  degree  plane  could  be  demonstrated  in  a  convincing  manner. 


3.  THEORETICAL  INVESTIGATIONS  OF  THE  RF-EFFECTS  OF  CFRP-MATERIALS 


3.1  Electrical  Model  for  Carbon  Fibre  Laminates 

,  ^,c4rb°r)  fibre  layers  of  the  meshed  type  which  have  effected  no  orientation  dependent  RF-losses  can 

be  sufficiently  consid^-ed  taking  an  additional  surface  roughness  and  small  ohmic  surface  losses  of  the 
reflecting  layer  into  a. count. 

The  RF-reflectivity  of  unidirectionalal  fibre  structures  depends  on  the  orientation  of  the  inci¬ 
dent  electric  field  in  relation  to  the  direction  of  the  carbon  fibres.  Therefore  this  characteristic  may 
be  described  approximately  by  defining  an  orientation  dependent  reflection  factor.  The  electric  field 
orientated  in  the  plane  of  the  reflecting  carbon  fibre  surface  can  be  separated  in  field  components  per¬ 
pendicular  and  parallel  to  the  direction  of  the  fibres  of  the  first  layer.  These  field  components  are  then 
multiplied  by  different  reflection  factors  and  transformed  again  to  the  original  coordinate  system.  The 
mathematical  relationship  for  a  normal  reflected  wave  can  be  given  by  a  matrix  equation  for  the  complex 
components  of  the  electric  field. 
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Exr,  EyR  are  the  reflected  field  components  parallel  to  the  plane  of  the  reflecting  layer 

EXj.Eyj  describe  the  incident  field  parallel  to  the  plane  of  the  reflecting  layer 

r  ,  rQ  are  complex  reflexion  factors  parallel  and  orthogonal  to  the  carbon  fibre  orientation 

W  is  the  orientation  angle  of  the  carbon  fibres  in  reference  to  the  field  coordinate 
system. 

This  theoretical  approach  was  applied  in  the  case  of  the  plane  CFRP-materlal  with  normal  inci 
dence  of  the  electromagnetic  wave.  Using  measured  reflection  coefficients  for  the  two  orthogonal  planes 
sufficient  agreement  has  been  obtained  with  measured  data  (figure  10). 


3.2  Theoretical  Investigation  of  the  Carbon  Fibre  Effects  on  a  2  m  Diameter  Offset  Antenna 

For  the  study  of  the  effects  of  carbon  fibre  laminates  on  the  RF-performances  of  a  realistic 
reflector  antenna  a  focus  fed  offset  antenna  configuration  was  selected.  This  configuration  was  chosen 
for  realization  in  a  feasability  study  for  a  communication  satellite  system.  The  geometry  of  the  reflec 
tor  is  sketched  in  figure  11.  The  main  characteristics  of  the  antenna  configuration  are: 

-  approximately  circular  aperture  of  2  m  diameter 

-  focal  length  1.2  m 

-  the  antenna  is  illuminated  by  a  corrugated  surface  horn  yielding  a 
rotational  symmetric  pattern  with  -13  dB  taper  at  the  reflector  edge 

-  frequency:  12.2  GHz 

-  for  the  reflector  surface  an  unidirectional  0°/90°  CFRP-material  was  assumed 

-  the  fibre  orientation  was  -45  degree  with  respect  to  the  symmetrical 
plane  of  the  reflector. 

The  reflector  configuration  was  installed  in  a  computer  program  using  the  physical  optics  ap¬ 
proximation  for  the  induced  currents  on  the  reflecting  layer. 

J  «  n  x  (Hj  +  Hp) 

with:  J  current  density  on  the  reflector 

n  normal  vector  of  the  reflecting  surface 

Hj,  Hf  magnetic  field  component  of  the  incident  and  the  scattered  wave. 

The  incident  electric  field  was  described  by  the  far  field  pattern  of  the  corrugated  surface 
horn  and  the  reflected  field  of  the  former  assumed  by  the  scattered  fields  on  a  carbon  fibre  surface. 


In  addition  it  was  assumed  that  the  orientation  dependent  reflection  coefficient  shows  also  a 
dependency  from  the  angle  of  incidence,  different  from  the  normal  direction.  The  factor  used  for  multipli¬ 
cation  of  the  RF-losses  and  the  path  length  of  the  wave  in  the  surface  layer  was: 


P 


Ini  /s 
Tn  s 


with:  n=  surface  normal  vector 

s=  position  vector  of  the  surface  point 

This  factor  describes  approximately  the  increasing  deDth  of  penetration  of  a  part  of  the  elec¬ 
tromagnetic  fields  into  a  homogenous  dielectric  layer  where  the  direction  of  incidence  is  different  from 
the  normal. 

In  order  to  compute  the  surface  currents  on  the  reflector,  far  field  behaviour  was  assumed  for 
the  association  of  the  magnetic  and  electric  fields.  Figure  12  shows  the  approximation  of  the  reflector 
geometry  in  the  electrical  integration  grid  model. 

The  computations  have  been  carried  out  for  three  types  of  reflector  surfaces,  the  ideal  reflec¬ 
tor  and  two  cases  of  high  efficient  unidirectional  carbon  fibre  surfaces. 

The  orientation  dependent  reflectivity  derived  from  measurement  was: 


io  fibre  direction 
/r/z  phase  (deg.) 

orthogonal 

/  r/2 

phase  (deg.) 

ideal  surface 

1.00  0 

1.00 

0 

CFRP-material 

model  1 

0.99  0 

0.98 

2 

CFRP-material 

model  2 

0.99  0 

0.97 

3 

The  far  field  pattern  have  been  calculated  at  the  frequency  12.2  GHz  for  vertical  linear  polari¬ 
zation  orientated  at  45  degrees  with  respect  to  the  fibre  direction  of  the  surface. 

Comparing  the  results,  it  turned  out  that,  the  degradation  in  the  copolar  pattern  is  unessen¬ 
tially  small  if  the  considered  high  reflective  CFRP-materials  are  assumed  as  reflector  surfaces  (figure  13). 
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The  effects  of  the  fibre  surface  can  be  seen  more  clearly  regarding  the  crosspolarized  pattern. 
In  the  symmetrical  plane  of  the  offset  reflector  where  high  crosspolarized  levels  usually  exist  also  in 
the  ideal  reflector  case,  the  crosspolarized  pattern  becomes  asymmetric  and  the  nulls  are  filled  up  by 
the  effects  of  the  fibre  surface  as  can  be  seen  in  figure  14. 

in  an  ideal  surface  case  only  some  crosspolarized  radiation  induced  by  the  horn  exists  in  the  plane  of 
asymmetry. 

Therefore  the  depolarization  effects  of  unidirectional  fibre  surfaces  can  be  immediately  observed  by  the 
increasing  beam  of  the  crosspolarized  component  (figure  15). 

Offset  reflector  antennas  fed  by  a  circularly  polarized  wave  produce  no  crosspolarized  waves, 
but  a  small  beam  squint  of  the  copolar  characteristic  is  effected  by  this  configuration.  The  far  field 
pattern  of  the  considered  offset  antenna,  fed  by  a  circular  horn  was  also  computed  assuming  the  same 
reflector  surfaces  as  in  the  linear  polarized  case.  The  computed  pattern  of  figure  16  and  17  show  again 
only  negligible  effects  of  the  fibre  material  on  the  copolar  pattern  but  essential  degradations  of  the 
crosspolar  components.  The  essential  values  evaluated  from  the  computation  can  be  given  in  a  short  sum¬ 
marization: 


linear  polarized  antenna 

ideal  surface 

CFRP-material 
model  1 

CFRP-material 
model  2 

antenna  gain 

45.0  dBi 

44.94  dBi 

44.9  dBi 

first  sideiobe 

-24.2  dB 

-24.0  >dB 

-24.0  dB 

crosspolarized 

-19.0  dB 

-18.3  dB 

-18.0  dB 

circular  polarized  antenna 

antenna  gain 

45.0  dBi 

44.94  dBi 

44.9  dBi 

first  sideiobe 

-23.6  dB 

-23.5  dB 

-23.5  dB 

crosspolarized 

-50.0  dB 

-35.2  dB 

-31.8  dB 

beam  squint 

0.09  deg. 

0.09  deg. 

0.09  deg. 

4.  COMPARISON  OF  THE  RF-CHARACTERI STICS  OF  A  REALIZED  OFFSET  ANTENNA  WITH  COMPUTED  RESULTS 

An  antenna  reflector  of  the  dimensions  under  consideration  has  been  available  for  electrical 
tests.  This  reflector  shown  in  figure  18  has  been  designed  and  manufactured  by  Dornier  Systems.  Mechani¬ 
cal  qualification  tests  have  shown  a  very  high  surface  accuracy  with  measured  deviations  from  the  ideal 
parabolic  curvature  of  only  0.13  mm  RMS.  The  carbon  fibre  material  used  for  manufacturing  the  reflector 
was  of  a  type  with  high  electrical  conductivity.  Tho  reflector  surface  consists  of  eight  unidirectional 

layers  with  a  ply  thickness  of  only  0.05  mm.  The  carbon  fibres  of  the  surface  layer  have  been  orientated 

at  45  degrees  with  respect  to  the  axis  of  symmetry  of  the  offset  configuration. 

For  the  electrical  performance  tests  a  small  corrugated  surface  horn  with  a  rotationally  sym¬ 
metric  radiation  characteristic  was  installed  in  the  antenna.  The  concept  for  the  electrical  tests  was 
to  rotate  the  linear  polarized  feed  around  its  symmetry  axis  in  discrete  steps  and  to  measure  in  each 
case  the  far  field  pattern.  The  expected  discrepancy  in  these  patterns  should  then  indicate  the  polari¬ 
zation  dependency  of  the  antenna  surface  Figure  19  shows  the  horn  and  its  device  for  rotation.  The  meas¬ 
ured  RF-patterns  of  the  horn  are  shown  in  figure  20.  The  measurements  have  been  carried  out  at  the  fre¬ 
quency  12.2  GHz  on  the  MBS  far  field  antenna  range  1000  m  in  length.  However,  despite  taking  care  to 
align  the  horn,  the  carbon  fibre  antenna  and  the  range  antenna  very  accurately,  an  essential  difference 
in  the  copolar  pattern  could  not  be  noticed. 

Nevertheless  small  polarization  dependent  effects  could  be  Found  measuring  the  crosspolarized 
pattern.  Figures  21,  22  and  23  compare  measured  patterns  in  the  main  axes  of  the  antenna  with  values  of 
one  of  the  studied  antennas.  It  can  be  seen  that  the  co-  and  crosspolar  pattern  correspond  very  accu¬ 
rately.  Therefore  an  estimation  can  be  given  for  the  polarization  dependent  reflectivity  of  the  realized 

antenna  surface.  It  can  be  confirmed  that  the  reflecting  carbon  fibre  layer  has  nearly  an  orientation  in 
dependent  reflectivity.  The  orientation  dependent  loss  for  the  carbon  fibre  skin  is  less  than  -0.05  dB. 


5.  CONCLUSIONS 

The  Investigations  have  shown  that  CFRP-material  can  have  an  extremely  efficient  RF-reflectivity 
up  to  frequencies  of  about  20  GHz.  Especially  laminates  consisting  of  very  thin  layers  of  carbon  fibres 
behave  like  metallic  sheets  at  microwave  frequencies.  The  degradation  of  the  RF-performances  observed  in 
antenna  reflectors  manufactured  from  CFRP  are  mainly  gain  loss  and  depolarisation.  These  effects  can  be 
avoided  by  metallizing  the  surface  or  loading  the  epoxy  resin  of  the  surface  layers  with  metal  1  or  graph¬ 
ite  powder.  But  these  procedures  are  difficult  and  would  probably  degrade  the  mechanical  performances  of 
the  materials.  The  investigations  have  also  Indicated  that  the  depolarization  due  to  the  inhomogeous  sur¬ 
face  of  CFRP  is  similar  to  the  depolarization  effects  caused  by  poor  adjustment  of  the  horn  or  an  unbal¬ 
anced  polarizer  in  the  antenr.a  feed  system.  Therefore  the  degradation  from  the  polarization  purity  caused 
by  the  carbon  fibre  material  can  be  compensated  by  tuning  the  feed  system.  On  the  other  hand  it  should  be 
mentioned  that  crosspolar  components  on  the  reflector  can  be  improved  by  choosing  a  location  dependent 
orientation  of  the  carbon  fibre  layers.  However,  these  compensation  methods  may  De  impractible  in  dual 
polarized  antenna  systems. 
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Table  1:  Magnitude  of  the  power  reflection  coefficient  for  meshed  CFRP-samples 
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Table  2:  Magnitude  of  the  power  reflection  coefficient  for  unidirectional 
CFRP-material 


Figure  1:  Main  dependencies  between  mechanical,  thermal 

and  electrical  performances  of  reflector  antennas 


unidirectional  layers  filament  wound 

of  CFRP  CFRP  skin 


carbon  fibre 
fabric 


Figure  2:  Types  of  carbon  fibre  laminates 


Figure  3:  Arrangement  for  measuring  the  reflection  coefficient 
of  carbon  fibre  laminates 
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Figure  4:  Amplitude  and  phase  of  the  reflection  coefficient  of  a  filament  wound 
CFRP-material. 

Carbon  fibre:  TORAYCA  T  300-3000  x  40A,  Epoxy  resin:  CIBA  CY  209/HT  972 
one  layer  0°/90°,  thickness  0.45  im  n 

orientation  fibre  direction  -  electric  field  Q°/45°/90 


frequency  (GHz) 


Phase 


frequency  {GHz) 


Figure  5:  Amplitude  and  phase  of  the  reflection  coefficient  of  an  unidirectional 
prepreg 

Carbon  fibre:  TORAYCA  M  40-300  x  40A,  Epoxy  resin:  Forthergill  and  Harvey  Code92 

4  layers  0°/90o/90o/0°,  thickness  0.2  mm 

y/=  angle  between  fibre  and  electric  field  direction 


20 1  og(lrl)  phase 


Figure  6:  Dependence  of  the  RF-reflection  coefficient  for  a  unidirectional 
carbon  fibre  surface  from  the  ply  thickness  (12.0  GHz) 
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Figure  19:  Corrugated  surface  horn  adjusted 
In  a  device  for  purposes  of  axial 
rotation 


Figure  18:  Focus  fed  offset  reflector  system  on 
the  antenna  test  site.  (The  reflector 
was  manufactured  by  Dornier  Systems) 
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Figure  20:  Radiation  patterns  in  the  E-,  H-  and  diagonal  planes  exhibit 
identical  beam  symmetry 
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LIGHTNING  THREAT  DEFINITION  FOR  COMPOSITE  AIRCRAFT 
Dr.  Preston  Geren 

Boeing  Commercial  Airplane  Company 
P.0.  Box  3707,  Seattle,  Washington,  USA 


SUMMARY 

An  approach  for  calculating  the  transients  induced  in  aircraft  avionic  systems  by  lightning  Is  presented. 
The  method  has  been  applied  to  an  aircraft  geometry  having  various  combinations  of  metal  and  graphite- 
epoxy  structure.  The  effects  of  graphite-epoxy  joints  are  considered.  Results  are  shown  for  common  mode 
open-circuit  voltage  and  short-circuit  current  induced  on  two  representative  wire  bundles  (cockpit  to  tall 
and  cockpit  to  wingtip).  The  approach  employs  standard  analytical  techniques  from  transmission  line 
theory  and  antenna  theory  to  obtain  lightning- induced  fields  on  the  airframe  surface,  including  the 
effects  of  airframe  resonance.  Both  the  directly  attached  and  nearby  lightning  strikes  are  considered.  A 
method  for  obtaining  the  concentration  of  fields  as  a  result  of  noncylindrical  geometries  (e.g.,  along  the 
leading  and  trailing  edges  of  a  wing)  is  described.  The  physical  coupling  mechanisms  for  penetration  of 
exterior  lightning-induced  electromagnetic  fields  into  the  aircraft  interior  are  explained. 

The  Pierce  (or  Buce-Golde)  waveform  is  used  as  an  analytical  tool  to  represent  the  lightning  current  in 
the  channel  and  is  related  to  lightning  statistics  for  nominal  severe  and  moderate  strokes.  Calculated 
results  for  an  extremely  severe  stroke  of  200-kA  peak  amplitude  and  7.2  x  10^  A/s  peak  rate-of-rise  are 
presented. 

1.  INTRODUCTION 

At  present,  commercial  and  military  aircraft  have  primarily  metal  structure.  With  the  current  trend 
toward  the  use  of  composite  structural  material,  it  is  likely  that  future  aircraft  will  use  increasing 
amounts  of  nonmetalllc  structure.  Aircraft  with  an  all-composite  fuselage  are  on  the  drawing  boards 
today.  Composite  material  has  one  major  disadvantage  for  the  EMI  engineer:  it  has  lower  electrical 
conductivity  than  aluminum  (e.g.,  about  three  orders  of  magnitude  for  graphite-epoxy)  and  provides  poorer 
shielding  against  external  interference  sources,  such  as  lightning.  In  parallel  with  this  development  in 
aircraft  structure,  avionic  systems  are  becoming  increasingly  reliant  upon  the  use  of  low-level  digital 
circuits.  The  combination  of  the  two  trends,  together  with  the  incidence  of  lightning  strikes  to  aircraft 
(about  one  per  year  for  commercial  and  once  every  10,000  to  30,000  hours  for  military),  makes  it  essential 
that  EMI  engineers  continue  assessing  the  impact  of  the  reduced  shielding  properties  of  composites  upon 
avionic  system  performance.  The  first  step  in  this  assessment  is  prediction  of  the  lightning  EMI  threat. 
With  a  realistic  threat  definition,  one  can  then  perform  the  necessary  trade-offs  between  the  advantages 
of  composite  structure  and  the  penalties  associated  with  its  reduced  shielding  effectiveness. 

The  lightning  threat  may  be  divided  into  two  categories:  direct  effects  (physical  damage  to  aircraft 
structure)  and  indirect  effects  (upset  or  damage  of  circuits).  This  paper  will  deal  with  indirect 
effects. 

Figure  1  shows  a  flow  chart  for  calculation  of  lightning-induced  transients.  The  input  to  the  analysis  is 
the  primary  threat;  i.e.,  the  waveform  of  the  current  in  the  lightning  channel  at  the  altitude  of  the 
aii craft.  The  outputs  are  the  transients  induced  at  circuit  loads. 

The  first  step  in  the  analysis  is  to  obtain  the  current  and  charge  distribution  on  the  conducting  external 
surfaces  of  the  airplane.  These  external  fields  penetrate  into  the  interior  via  joints  and  apertures  as 
well  as  diffusion  through  conductive  surfaces.  In  addition,  some  conductors  may  be  directly  exposed  to  the 
exterior  fields  (e.g.,  an  electric  windshield  heater  element).  Given  the  electromagnetic  fields  incident 
upon  the  conductor  of  Interest  (usually  an  interconnecting  wire  bundle),  one  can  then  calculate  the 
equivalent  voltage  and  current  sources  by  application  of  the  reciprocity  theorem.  These  source  terms  are 
then  input  into  a  transmission  line  model  to  obtain  the  transients  at  the  terminating  loads. 

2.  LIGHTNING  THREAT 

The  cloud-to-ground  lightning  strike  begins  with  the  leader  process;  i.e.,  the  formation  of  a  plasma 
channel  of  Ionized  air.  This  is  followed  by  a  current  surge,  the  return  stroke.  During  the  leader 
process,  the  average  currents  are  on  the  order  of  100A.  Return  stroke  currents  have  peak  values  of  tens  of 
kiloamperes.  A  positive  strike  consists  of  a  single  return  stroke;  a  negative  strike  will  have  from  3  or  4 
to  as  many  as  26  consecutive  return  strokes  (Uman,  1969,  P.  4)  and  has  a  duration  on  the  order  of  tenths  of 
a  second. 

Figure  2  depicts  the  two  types  of  lightning  threat--direct  attachment  of  the  lightning  channel  to  the 
aircraft  and  a  nearby  strike.  For  the  nearby  strike,  the  dominant  threat  is  the  electromagnetic  field 
associated  with  the  main  return  stroke.  For  the  directly  attached  case,  there  are  two  separate  processes: 
initial  leader  attachment  and  return  stroke  (or  strokes).  The  latter  has  much  larger  associated  surface 
currents  and  is  considered  to  be  the  dominant  threat  of  the  two.  This  paper  will  deal  only  with  the  return 
stroke  threat,  although  the  analysis  methods  are  also  applicable  to  leader  attachment. 

The  starting  point  in  threat  definition  is  the  lightning  current  waveform  at  the  aircraft  altitude.  The 
most  important  lightning  current  parameters  for  induced  effects  analysis  are  peak  amplitude,  peak  rate-of- 
rise,  and  total  charge  transfer  for  a  single  stroke. 
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Research  scientists  have  been  measuring  lightning  currents  for  many  years,  both  directly  (instrumented 
towers)  and  indirectly  (magnetic  fields).  Unfortunately,  all  of  the  direct  measurements  and  almost  all  of 
the  Indirectly  measured  data  give  Information  only  on  the  current  near  the  ground.  Several  U.S.  agencies 
(NASA,  NOAA,  NSSL,  and  Air  Force)  are  sponsoring  In-flight  measurement  programs  for  the  1980  thunderstorm 
season.  These  in-flight  programs  will  provide  statistics  for  lightning  currents  at  altitude,  but  a  large 
data  base  is  some  years  away.  The  lightning  threat  decreases  with  altitude.  Until  a  complete  in-flight 
data  base  Is  obtained,  lightning  protection  design  will  be  determined  by  the  more  severe  ground-based  data 
and,  therefore,  somewhat  conservative. 

As  suggested  by  E.  T.  Pierce  (Pierce,  1976),  the  double  exponential  waveform  (see  fig.  2)  is  a  useful  tool 
for  calculating  lightning-induced  transients.  This  waveform  is  also  referred  to  as  the  Bruce-Golde 
equation  (Golde,  1977,  p.  331).  The  three  parameters  of  the  double  exponential  are  fit  to  the  anticipated 
lightning  current  threat  parameters  (peak  amplitude,  peak  rate-of-rise,  and  total  charge)  and  then  input 
into  the  analytical  model  to  obtain  predicted  lightning-induced  transients  at  the  circuits. 

For  example,  one  may  choose  severe  and  moderate  threats  as  follows: 

Severe: 

Peak  current  =  200  kA  ,,  ,.-w 

Peak  rate-of-rise  *  Z.lxlCr1  A/s 
Total  charge  =  4 1C 

Moderate: 

Peak  current  ■  20  kA  ,n 
Peak  rate-of-rise  =  5.4xlOiU  A/s 
Total  charge  =  1.6C 

These  two  threats  are  composites  based  on  statistics  for  cloud-to-ground  positive  strokes,  negative  first 
strokes,  and  negative  subsequent  strokes  (Golde,  1977).  Since  all  three  categories  of  strokes  are 
possible,  the  statistical  data  were  treated  independently. 

It  should  be  emphasized  here  that  the  double  exponential  is  intended  to  simulate  only  the  so-called 
"current  peak"  of  the  stroke  (see  Uman,  1969,  pp.  131-133)  The  current  peak  has  a  duration  of  a  few 
hundred  microseconds  and  is  followed  by  a  slowly  varying  continuing  current  (also  referred  to  as  inter¬ 
mediate  current)  that  lasts  for  several  milliseconds.  This  low-frequency  continuing  current  does  not 
excite  appreciable  Induced  transients.  It  does,  however,  drive  potentially  damaging  dc  currents  through 
circuits  that  use  airframe  for  ground  return.  For  circuits  without  dc  conductive  paths  through  airframe, 
the  dominant  threat  is  the  current  peak,  and  the  intermediate  currents  may  be  neglected. 

The  severe  stroke  parameters  chosen  above  fall  in  the  upper  lit  to  10%  of  the  statistical  distribution;  the 
moderate  stroke  parameters  are  around  the  median.  For  example,  the  severe  and  moderate  peak  rate-of-rise 
values  correspond  to  the  upper  1%  and  upper  30%,  respectively,  for  negative  subsequent  strokes  (Golde, 
1977,  p.  326) 

3.  LIGHTNING-AIRFRAME  INTERACTION 

The  lightning  column-airframe  interaction  determines  the  current  and  charge  densities  over  the  conducting 
exterior  surfaces  of  the  airframe.  These  quantities  are  then  used  to  obtain  the  fields  at  the  location  of 
wire  bundles  as  described  in  section  4.  There  are  two  cases  for  which  this  Interaction  must  modeled: 
direct  attachment  and  nearby  strike. 

3.1  Model  for  Direct  Attachment 

The  lightning  column  has  a  diameter  on  the  order  of  centimeters  or  less  (Uman,  1969).  When  the  small 
diameter  lightning  column  attaches  to  a  large  diameter  body  such  as  a  wing  or  fuselage,  the  impedance 
mismatch  at  the  discontinuity  causes  reflections  resulting  in  a  high-frequency  oscillatory  waveform 
superimposed  on  the  relatively  low-frequency  lightning  current  waveform.  This  effect  may  be  approximated 
by  modeling  the  airframe- lightning  column  as  a  mismatched  transmission  line  (see  fig.  3). 

In  figure  3, 


ZL  =  characteristic  Impedance  of  lightning  channel 


Z 


AC 


characteristic  impedance  of  airplane 


1^  =  lightning  current  waveform  In  the  channel  with  the  airplane  removed 


Lac  =  electrical  length  of  current  path  through  the  airplane 


This  simple  model  gives  the  total  current  and  charge  in  the  airframe  at  any  point  along  the  current  path. 
•The  surface  current  and  charge  are  then  obtained  by  calculating  the  effective  circumference  at  the  point  of 
interest,  using  a  two-dimensional  field  mapping.  The  current  density  on  a  conductor  of  elliptic  cross 
section,  for  example,  is  given  by  the  equation 


=  I/C 


ei£_ 


'eff 


(x.y) 


Va2  -  e2  x2  27! 


where  e  =  eccentricity,  2a  B  length  of  major  axis,  and  x  is  the  distance  from  the  center  along  the  major 
axis.  Thus,  the  current  and  charge  density  along  the  leading  and  trailing  edges  of  an  aircraft  wing 
(approximated  as  an  ellipse)  will  be  enhanced  twofold  or  threefold  above  that  for  a  ryltnder  of  the  same 
circumference. 
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3.2  Model  for  Nearby  Strike 

The  surface  currents  and  charges  Induced  on  an  airframe  by  a  nearby  strike  may  be  obtained  by  using  a 
method  of  moments  computer  code  to  model  the  airframe.  A  simpler  approximate  model  Is  to  represent  the 
fuselage  or  wings  as  an  elliptic  cylinder.  The  induced  surface  currents  may  be  decomposed  into  common 
mode,  obtained  from  the  equations  for  an  excited  dipole,  and  differential  mode,  which  may  be  obtained  from 
the  expression  for  an  elliptic  cylinder  excited  by  an  incident  plane  wave.  Below  dipole  resonance,  the 
differential  mode  dominates.  The  lightning  fields  incident  upon  the  aircraft  are  obtained  by  modeling  the 
lightning  column  as  a  long  straight  wire. 

4.  COUPLING  MECHANISMS 

Four  basic  coupling  mechanisms  for  induced  transients  are  listed  below: 

a.  Exposed  conductors—conductors  directly  exposed  to  the  lightning  fields 

b.  Apertures--nonconductive  portions  of  airplane  exterior  (Some  examples  are  the  cockpit  canopy, 
windows,  and  fiberglass  access  doors.) 

c.  Joints— Electrical  discontinuities  in  aircraft  exterior;  e.g.,  the  narrow  gap  between  a  metallic 
access  door  and  underlying  airframe  nr  the  interface  between  two  graphite-epoxy  panels 

d.  Diffusion-low-frequen :y  penetration  of  fields  into  the  interior  of  metallic  or  graphite- epoxy 
fuselage,  wings,  etc. 

The  first  three  coupling  mechanisms  are  important  for  both  aluminum  and  composite  aircraft.  Diffusion  is 
more  important  for  composites  than  aluminum  because  of  its  lower  conductivity. 

The  analyis  methods  employed  for  the  various  coupling  mechanisms  are  as  follows: 

a.  Exposed  wires.  Using  the  method  described  in  section  3,  one  obtains  the  fields  directly.  For  more 
complicated  structure,  such  as  landing  gear,  it  is  necessary  to  do  further  analysis  to  obtain  the 
fields  on  structural  members  protruding  from  the  basic  airframe. 

b.  Apertures.  When  a  conducting  surface  is  interrupted  by  openings,  the  exterior  surface  fields 
penetrate  into  the  interior  (see  fig.  4).  At  low  frequencies,  this  Coupling  mechanism  may  be 
decomposed  into  magnetic  and  electric  coupling  (Vance,  1978),  or,  equivalently,  stray  inductance 
and  capacitance  between  conductors  in  the  interior  of  the  body  and  the  exterior  surface.  The 
magnetically  and  electrically  coupled  interior  fields  are  proportional  to  the  surface  current  and 
charge  density  that  would  appear  on  the  shorted  aperture.  The  magnetically  coupled  interior 
fields  may  be  modeled,  with  certain  restrictions,  as  those  due  to  a  magnetic  dipole.  Likewise,  the 
electrically  coupled  interior  fields  may  be  modeled  as  those  of  an  electric  dipole,  with  similar 
restrictions.  In  the  general  case,  one  may  solve  for  the  interior  fields  by  calculating  the  fields 
in  the  aperture  and  using  the  equivalent  sources,  distributed  over  v.he  aperture,  to  solve  the 
interior  problem.  The  process  is  simplified  by  the  fact  that,  for  the  lightning  frequency 
spectrum,  the  apertures  of  interest  are  electrically  small,  reducing  the  problem  to  a  quasi-static 
one. 

c.  Joints.  Joints  may  be  divided  into  two  categories:  1)  slots  and  2)  strips  having  a  constant 
admittance  per  unit  length  (see  fig.  5).  On  equipment  bay  doors,  for  example,  the  hinge  and  latch 
sides  make  good  electrical  contact  with  structure,  while  the  two  other  sides  form  narrow  slot 
apertures.  The  fields  of  the  slot  may  be  modeled  as  those  of  a  magnetic  dipole.  For  wires  lying 
across  the  slot,  however,  the  voltage  induced  in  the  wire  is  simply  the  slot  voltage  at  the  wire 
location.  The  strip  of  constant  admittance  per  length  is  quite  similar,  except  that  the  voltage 
appearing  across  the  strip  is  approximately  constant  along  the  strip  as  indicated  in  figure  5.  For 
either  type  of  joint,  the  interior  fields  may  be  obtained  by  using  the  fields  in  the  opening  to 
obtain  the  equivalent  sources  for  solving  the  interior  problem. 

d.  Diffusion.  This  coupling  mechanism  is  illustrated  in  figure  6.  In  the  low-frequency  limit,  thi.s 
mechanism  is  equivalent  to  what  has  been  referred  to  in  lightning  studies  (Fisher,  1977,  p.  271) 
as  the  so-called  "IR  drop."  For  all-aluminum  aircraft,  this  mechanism  is  important  only  for  the 
low-frequency  continuing  current  and  is  a  threat  only  to  circuits  using  structural  return.  For  a 
graphite-epoxy  aircraft,  however,  the  electric  fields  associated  with  the  high-frequency  peak 
current  can  diffuse  entirely  through  the  structure,  inducing  considerable  voltage  in  interior 
wiring.  Figure  7  illustrates  measured  data  for  a  typical  graphite-epoxy  transfer  impedance. 
Comparing  this  with  the  lightning  spectrum,  it  is  apparent  that  the  effective  transfer  impedance 
is  well-approximated  by  the  low-frequency  asynptote,  l/(conductiv1ty  times  thickness). 

5.  WIRE  MODELING 


The  geometry  of  aircraft  wiring  lends  itself  naturally  to  transmission  line  analysis.  Figure  8  is  a 
lumped-element  representation  of  a  one-wire  excited  transmission  line.  Both  eluctric  and  magnetic 
coupling  may  be  important,  but,  for  small  gauge  wiring,  magnetic  coupling  dominates.  Electric  and 
magnetic  coupling  are  inserted  in  the  model  as  distributed  current  and  voltage  sources,  respectively.  See 
appendix  A  for  proof. 

Transmission  line  parameters  are  obtained  from  computing  self  and  mutual  inductances  and  capacitances  for 
the  individual  wires  in  the  bundle,  along  with  wire  and  ground  return  resistance.  These  parameters  are 
obtained  from  wire  radius,  wire-to-wire  separation,  height  above  ground  plane,  and  dielectric  constant  of 
insulation,  using  textbook  formulas. 
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Wire  bundles  having  three  or  more  conductors  may  often  be  modeled  as  random  lay  (i.c.,  wire-to-ground  and 
wlre-to-wire  parameters  the  same  for  each  wire  and  wire  pair)  with  comnon  mode  sources.  Differential  mode 
effects  are  Included  by  unequal  loading  at  the  bundle  terminations. 

6.  PREDICTED  INDUCED  TRANSIENTS  FOR  COMPOSITE  AIRCRAFT 

The  analysis  methods  described  in  sections  4  and  5  have  been  verified  by  comparison  with  measured  data 
obtained  from  metal  aircraft.  At  present,  little  or  no  data  are  available  from  composite-structure 
aircraft.  There  are  substantial  data,  however,  on  the  shielding  properties  of  graphite  and  boron 
composites,  as  well  as  composites  coated  with  shielding  material.  In  addition,  measurements  of  admittance 
for  a  variety  of  composite- to- composite  and  metal -to- composite  joints  have  been  obtained  (see  Strawe, 
1975). 

Using  the  data  from  Strawe,  1975,  an  analytical  study  was  performed  (Force,  1977)  upon  an  idealized 
aircraft  to  scope  the  impact  of  graphite-epoxy  upon  avionic  systems.  The  object  of  the  study  was  an 
airplane  of  the  size  and  shape  indicated  in  figure  9,  with  two  interior  wires  as  shown.  The  wires  were 
assumed  to  be  single-wire  transmission  lines  of  100  ohms  characteristic  impedance  terminated  at  the 
wlngtip  and  tail  in  30-ohm  loads.  These  wire  models  provide  estimates  of  the  common-mode  threat  to 
equipment  in  the  cockpit  in  the  form  of  open-circuit  voltages  and  short-circuit  current  waveforms. 

The  common  mode  model  provides  estimates  of  the  worst-case  wire-to-ground  threat  to  equipment.  The  common 
mode  voltage  Voc  approximates  the  maximum  line- to-ground  voltages  in  the  corresponding  cable  bundle.  The 
common  mode  current  IS(-  approximates  the  short-circuit  bulk  cable  current.  Individual  wire  current  will 
normally  be  substantially  less  than  the  bulk  current,  although  occasionally  individual  wire  transient 
currents  may  equal  or  exceed  the  common  mode  current  because  of  differential  mode  cable  resonances. 

Electronic  equipment  does  not  normally  use  structural  ground  as  an  equipment  ground  although  connections 
to.  it  are  not  uncommon.  Ground  or  return  wires  (e.g.,  signal  common)  are  normally  provided.  It  is  the 
wire-to-wire  voltages  and  currents  that  represent  the  actual  threats  to  circuits.  Common  mode  responses 
(especially  Isc)  tend  to  contain  low-frequency  tails  of  high  energy  content.  These  long-lasting  responses 
are  not  often  seen  in  the  wire-to-wire  voltages  and  currents  because  of  the  use  of  floating  ground  (return 
wires).  The  common  mode  responses  for  lightning  are  then  excessive  over  estimates  of  circuit  threats. 
Hence,  for  a  more  realistic  threat  definition,  one  must  employ  multiwire  cable  models  so  that  both  wire-to- 
wire  and  wire- to-ground  response  can  be  obtained. 

Various  composite  and  metal-composite  configurations  were  compared  in  the  study.  An  all-metal  aircraft 
with  electrically  open  cockpits  was  included  for  comparison.  The  configurations  were  as  follows: 

a.  An  all-composite  (graphite-epoxy)  skin  of  uniform  thickness  (0.1  in  *  0.0025m)  and  perfect  elec¬ 
trical  joints  (This  serves  as  a  baseline  comparison  for  other  configurations.) 

b.  An  all-metal  aircraft  except  for  a  composite  (skin  thickness  =  0.1  in.  =  0.0025m)  vertical 
stabilizer,  with  perfect  electrical  joints 

c.  An  all-metal  aircraft  except  for  a  composite  (skin  thickness  =  0.1  in.  =  0.0025m)  right  wing,  with 
perfect  electrical  joints 

d.  An  all-metal  aircraft  with  an  imperfect  resistive  joint  at  the  juncture  of  the  vertical  stabilizer 
and  fuselage  (The  joint  admittance  was  15  mho/m.) 

e.  An  all-metal  aircraft  with  an  imperfect  joint  at  the  wing-fuselage  juncture  (the  joint  admittance 
was  15  mho/m.) 

Tables  1  and  2  list  the  peak  induced  currents  and  voltages  appearing  on  the  two  wires  at  the  cockpit  end. 
Figures  10  and  11  are  representative  waveforms.  All  transients  were  computed  for  an  extremely  severe 
stroke  of  200  kA  peak  current  and  7.2  x  1011  a/s  peak  rate-of-rise.  For  the  nearby  strike,  a  vertical 
lightning  column  at  a  distance  of  100  meters  was  assumed. 

Table  1.  Peak  Transients  on  Nose-Tail  Wire 

NOTE:  Values  are  given  for  open-circuit  voltage  (Voc)  and  short-circuit  current  (Isc)  from  wire  to 

structural  ground. 

Configuration 

All-metal 

Threat  Transient  (open  All  Composite  tall 

type  cockpit)  composite  Diffusion  Joint 


Nose-tail 

Voc 

mw 

32,000V 

23,000V 

27H30V 

attachment 

Isc 

67A 

1.100A 

750A 

70A 

Nearby 

Voc 

90V 

250V 

54  V 

21V 

strike 

Isc 

1.3A 

8.2A 

1.8A 

0.70A 
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Table  2.  Peak  Transients  on  Nose-WIngtip  Wire 

NOTE:  Values  are  given  for  open-circuit  voltage  (Voc)  or  short-circuit  current  (ISc)  from  wire  to 
structural  ground. 


Theat  Transient 

type 


Configuration 

All  Composite  wing 

composite  Diffusion  Joint 


attachment 


Not  Appl  1  cable  Not  Applicable 
Not  Applicable  Not  Applicable 


Nose-wingtip  Voc  17,000V  11,300V  2,800V 

attachment  I  sc  550A  370A  95A 


All  the  waveforms  had  the  same  shape  as  those  of  figure  10,  except  for  aperture  coupling  through  the 
cockpit,  which  is  shown  in  figure  11. 

7.  CONCLUSIONS 

General  methods  have  been  presented  for  "he  calculation  of  lightning-induced  common-mode  transients  in 
composite  aircraft.  Results  obtained  from  application  of  these  methods  to  an  Idealized  aircraft  have  been 
presented.  As  indicated  In  the  text,  these  preliminary  analyses  considered  only  common-mode  transients  in 
the  absence  of  nearby  wiring.  In  real-world  aircraft,  the  presence  of  nearby  wire  bundles,  metal  hydraulic 
lines,  and  other  metallic  components  will  partially  shield  the  wiring,  reducing  the  threat  levels.  A  cost- 
effective  protection  system  will  take  into  account  this  gratis  shielding.  This  does,  however,  complicate 
the  analysis  and  requires  measured  data  from  full-scale  low-level  tests,  as  described  in  appendix  B. 

In  suimiary,  simple  analyses  provide  design  requirements  for  wire  shielding  and  circuit  protection.  In 
order  to  take  full  advantage  of  the  inherent  protection  afforded  by  the  airframe  and  wire  routing,  it  is 
necessary  to  obtain  data  from  full-scale  aircraft  tests. 
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APPENDIX  A 


FLECTRIC  AND  MAGNETIC  COUPLING  FOR  WIRES 

Consider  4  wire  loop  shorted  at  both  ends  (fig.  A-l)  exposed  t.c  currents  flowing  through  the  ground  plane. 
The  short-circuit  current  In  the  wire  at  x  *  0  1c  given  by  Weeks  (1964)  as 

h  L 

I  *  /  t  (o,o,z)  G(0)  az  +  /  E  ;x,o,h)G(x)dx 

sc  z-o  x«0 


+  /  E  (L,o,2)G(L)dz  (1) 

z=h  2 


where  G  is  the  appropriate  Green's  function. 

For  h  «A,  Ez(o,o,z)  4  F^G) 

EJL.o.z)  4  E.,(L,0,0) 

L  tL 

Ex(x,o,h)  4  h6Ex/fiz 

■  h{6Ez/ix  -^Byj-  50 

/  E  Gdx  »  -  jwh  /  B  Gdx  -  h  /  E  5 1  dx 
x-o  y  2  ox 

L 

+  h  E  (x,o,o)  G(x)  | 
x=o 

(i),  (2).  (3)  =  |)lsc  ■  -Jwh/8y  Gdx 
‘  h  f  Ez  Jx  dx 


(2) 

(3) 

(4) 


In  equation  (4),  the  first  term  Is  the  magnetic  coupling  term,  while  the  second  is  <  lectrlc  coupling.  The 
Green's  functions  correspond  to  those  for  distributed  voltage  and  current  sources  (Weeks,  1964),  hence  the 
identification  of  magnetic  ar.j  electric  coupling  with  voltage  and  current  sources. 

APPENDIX  B 

TEST  METHOD  FOR  LIGHTNING  COUPLING  ANALYSIS 

The  Boeing  Company  his  developed  a  method  for  performing  low-level  measurements  to  obtain  transfer 
functions  for  lightning  coupling  (Young,  1978). 

Figure  B-l  illustrates  the  electronics;  a  typical  test  configuration  is  depicted  In  fig,  B-2.  The  system 
may  be  t/iouaht  of  as  an  FM  transmitter  and  receiver,  with  the  receiver  phase-locked  to  the  narrow-band 
transmitter."  As  the  transmitter  sweeps  through  the  frequency  range,  the  received  signals  arc  plotted  as 
functions  of  freauency.  Transfer  functions  may  be  measured  directly  oy  comparison  of  the  drive  and 
response  channels  (A  and  B  in  fig.  B-l).  As  is  apparent  in  figure  B-2,  the  test  configuration  affects  the 
distribution  of  currents  and  charges  on  the  airframe.  Field  mapping  of  the  airframe  may  be  used  to  measure 
this  effect.  To  apply  the  measurements  to  the  In-flight  case,  une  modifies  the  ground-based  data,  using  a 
combination  of  analysis  and  field  map  data. 
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Figure  1.  Flow  Chart  for  Calculation  of  Ughtning-lnducad  Trantiants 


Figure  2.  Lightning  Threat  to  Aircraft 


Figure  4.  Aperture  Coupling 
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SECTION  OF  SHIELD  SURFACE 


Et)  (inner  turface  tangential  electric  field) 
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Figure  5.  Joint  end  Slot  Coupling  (Low  Frequency  Approximation ) 


Figure  6.  Dlffutlon  Coupling 
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Figure  B •  1.  Swept  Continuous-Weve  fCWJ  Measurement  System 


Figure  B-2.  Continuout-Wtv*  (CW)  Test  Configuretion 


iAf-.  v»»'  iwil'i  '!•  U  It.  v.]i//foi'/4*r 


20-1 


ELECTRICAL/ELECTROMAGNETIC  CONCERNS  ASSOCIATED  WITH  ADVANCED  COMPOSITE 
MATERIALS  IN  AEROSPACE  SYSTEMS 
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JOHN  C.  CORBIN,  JR. 

Aeronautical  Systems  Division 
Directorate  of  Avionics  Engineering 
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SUMMARY 


This  paper  presents  an  assessment  of  the  potential  electrical /electromagnetic  Impacts  created  by  the 
application  of  advanced  composite  materials  to  aerospace  systems  that  was  conducted  by  the  United  States 
Air  Force  1979.  Technical  specialists  from  three  Air  Force  organizations  (Aeronautical  Systems  Division, 

Air  Force  Wright  Aeronautical  Laboratories,  and  Space  and  Missile  Systems  Organization)  comprised  a 
working  group  that  elicited  responses  from  specific  Government  agencies  and  aerospace  contractors 

Involved  In  the  application  or  studies  of  composite  materials.  In  addition  to  onsite  visits  and  brief¬ 

ings  to  obtain  information,  a  major  source  of  data  used  In  formulating  the  assessment  was  responses 
received  to  a  broadly  defined  questionnaire  sent  to  Involved  organizations.  The  assessment  was 
specifically  limited  to  two  predominantly  used  varieties  of  graphite  composite  materials,  GY-70  and 
T-300,  and  to  Kevlar.  The  GY-70  has  the  higher  conductivity  and  is  used  primarily  on  missiles  and 
spacecraft.  The  T-300  grade  has  a  slightly  lower  conductivity  than  GY-70  and  Is  the  material  commonly 
applied  to  aircraft  based  upon  its  mechanical  properties.  Kevlar,  a  dielectric  material,  has  varied 
aircraft,  missile  and  spacecraft  application.  Specific  areas  of  electrical/electromagnetic  concern 
were  surveyed.  As  a  result  of  the  survey,  a  number  of  significant  concerns  were  defined.  There  are, 

however,  no  “show  stoppers"  in  the  use  of  composite  materials.  Leading  concerns  Include  shielding 

effectiveness  (a  lack  of  standardized  material  characterization  within  acceptable  and  defined  error 
bounds),  joint  design  (bonding  of  joints  and  seams),  fuel  tank  design  (spark-free  fuel  tanks),  power 
system  grounding,  low  frequency  antenna  performance,  analytical  techniques  (lack  of  validated  computer 
codes  for  designers),  combined  space  environment  effects,  and  design  guides  (lack  of  handbook  information 
on  composite  materials).  Recommended  actions  include  technology  development  programs  and  the  establish¬ 
ment  of  a  combined  Trl -Service/NASA  effort  to  address  the  composite  electrical /electromagnetic  technical 
base  and  to  collect,  analyze,  and  distribute  related  data,  establish  standard  test  methods,  develop 
design  guides/handbooks,  and  develop  applicable  specifications/standards. 

1.  INTRODUCTION 

Advanced  composite  materials  In  the  form  of  fiber-reinforced  matrix  compounds  (e.g.,  qraphlte/epoxy,  Kevlar/ 
epoxy)  are  being  used  In  increasing  amounts  as  structural  and  surface  members  in  aerospace  systems 
(aircraft,  missiles,  spacecraft).  This  growth  has  progressed  over  the  past  decade  from  limited  use  in 
empennage  and  secondary  structure  to  major  use  In  body  enclosure  and  primary  load  bearing  sections.  The 
drive  behind  this  transition  from  metals  to  composites  has  been  the  markedly  Improved  strength-to-weight 
ratios  of  these  composite  materials.  As  composites  are  used  to  reduce  the  weight  In  major  elements,  a 
combination  of  Increased  performance,  greater  payload,  and/or  fuel  savings  can  be  realized. 

As  designs  transition  from  metal  to  composites,  electromagnetic  characteristics  of  the  aircraft  can  sub¬ 
stantially  change.  Largely  taken-for-granted  features  of  the  all-metal  aircraft  such  as  (1)  readily 
available  "common  ground"  return  paths  for  signal  and  power,  (Z)  a  low  impedance,  high  conductivity 
outer  skin  for  carrying  direct  lightning  strike  currents  and  dissipating  precipitation  static  charges, 

(3)  shielding  of  20  db  or  more  between  the  external  electromagnetic  environment  and  Internal  aircraft 
electronics,  and  (4)  relatively  unbroken  counterpoise  systems  for  aircraft  antennas  will  have  to  be 
re-examined.  A  new  technology  data  base  will  have  to  be  established  If  design  changes  have  to  be  made  to 
assure  safe  and  satisfactory  aircraft  operation. 

2.  INITIATION  OF  STUDY 

As  a  result  of  concern  within  the  Air  Force  that  the  electrical /electromagnetic  (E/EM)  Issues  were  not 
being  adequately  addressed  in  balance  with  associated  structural  development  technology,  an  assessment 
study  was  requested  by  Air  Force  Headquarters.  An  Assessment  Group  representing  the  Aeronautical 
Systems  Division  (ASD),  Air  Force  Wright  Aeronautical  Laboratories  (AFWAL),  and  Space  and  Missile 
Systems  Organization  (SAMSO),  all  of  the  Air  Force  Systems  Command  ( AFSC ) ,  accomplished  the  study. 

The  primary  objective  of  the  assessment  was  to  determine  the  status  of  advanced  composite  material 
development  In  areas  associated  with  possible  E/EM  Impacts  to  aerospace  systems.  Fundamental  to  this 
effort  was  an  examination  of  the  potential  E/EM  susceptibilities  of  aerospace  systems  which  utilize 
advanced  composite  materials.  With  an  understanding  of  the  possible  system  susceptibilities,  the  study 
centered  on  the  research  and  development  balance  between  structural  and  E/EM  Issues  and  on  the  evolution 
of  a  technology  data  base  needed  to  support  composite  systems  acquisition  activities. 

A  further  goal  of  the  study  was  to  involve  a  large  cross  section  of  the  composite  and  electrical 
conmunltles  In  order  to  determine  a  balanced  concensus  and  also  to  learn  minority  opinions.  A  very 
significant  result  of  the  study  was  the  exchange  of  data,  information,  and  Ideas  among  researchers 
and  users. 
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3.  CONOUCT  OF  STUDY 

The  study  was  conducted  over  a  six  month  period  from  April  to  September  1979.  A  questionnaire  was  prepared 
and  sent  to  Government  agencies  and  companies  known  to  be  Involved  in  composite  activities.  Responses 
were  received  from  twenty-four  separate  organizations.  These  responses  represented  a  major  source  of 
data  used  in  formulating  the  assessment  conclusions.  In  addition  to  the  questionnaire,  visits  were 
made  to  ten  organizations  for  in-depth  discussions  of  specific  sensitive  areas  and  precise  interpretation 
of  written  responses  to  the  questionnaire  received  earlier. 

On  22-23  June  1979,  the  Assessment  Group  sponsored  a  joint  Government/ Industry  meeting  at  Wright-Patterson 
AFB  which  consisted  of  a  series  of  invited  technical  presentations,  a  presentation  of  consolidated 
questionnaire  responses,  and  an  exposition  of  preliminary  findings  and  probable  recommendations. 

A  final  briefing  was  prepared  in  September.  Formal  briefings  up  to  Headquarters  Air  Force  and  Office 
of  the  Secretary  of  Defense  level  ware  given  from  September  to  December  1979. 

4.  SCOPE  OF  STUDY 


The  Assessment  Group  was  tasked  to  assess  the  status  of  research  and  development  efforts  associated  with 
the  application  of  advanced  composite  materials  to  aircraft,  missiles,  ar.d  space  systems. 

Key  to  the  study  was  a  close  examination  of  the  basic  technology  issues  (c.g.,  defining  the  appropriate 
E/EM  environment,  acquiring  the  technology  data  base,  transitioning  the  data  to  the  user,  and  educating 
the  designer  In  the  use  of  composite  materials  for  various  system/subsystem  applications).  By  examining 
a  broad  spectrum  of  responses  to  questions  on  these  Issues,  the  Assessment  Group  established  a  sound  base 
or.  which  to  make  recommendations  for  future  actions. 

To  limit  the  study  to  a  manageable  size,  two  widely  used  graphite  epoxy  composites  (T-300/AS  and  GY-70) 
and  a  glass  laminate  composite  (Kevlar)  were  chosen  for  evaluation.  This  limitation  of  materials 
restricted  the  electrical/electromagnetic  concerns  to  two  different  conductive  varieties  of  composites, 
the  graphita  epoxies,  and  to  a  nonconductor  (Kevlar)  with  electrical  properties  similar  to  fiberglass. 
GY-70,  a  high  modulus  of  elasticity  material,  is  typically  used  In  missile,  spacecraft,  and  specialized 
aircraft  applications.  GY-70  is  characterized  as  conductive,  since  It  is  only  10'3  less  conductive  than 
aluminum.  T-300,  a  high  strength  material.,  is  generally  applied  to  aircraft  and  is  only  slightly  less 
conductive  than  GY-70. 

All  other  available  epoxy  composite  materials  have  conductivities  which  are  bounded  by  the  graphite 
composites  and  Kevlar.  In  addition,  there  is  a  basically  linear  relationship  between  conductivity 
and  modulus  of  elasticity  which  will  be  discussed  later. 

Topics  surveyed  were  generally  grouped  under  the  major  headings  of  implementation  issues,  E/EM  concerns, 
and  future  development  needs.  Implementation  Issues  Involved  design  capability  and  design  data.  E/EM 
concerns  included  the  direct  and  indirect  effects  of  lightning,  antenna  performance,  effects  of  static 
electricity,  radar  cross  section  (RCS),  electromagnetic  interference  (EMI),  electromagnetic  compatibility 
(EMC),  nuclear  electromagnetic  pulse  (NEMP),  power  subsystem  design,  system  generated  EMP,  other  nuclear 
effects,  and  space  environmental  effects.  Development  needs  considered  both  long  and  short  term  goals. 

5.  TOPICS  SURVEYED 

5.1  Implementation  Issues 

The  current  capability  for  design  of  an  advanced  composite  aerospace  system  which  requires  an  extensive 
data  base  on  material  characterization,  acceptable  design  approaches,  and  life  cycle  acceptability  of 
design  methods  was  one  target  for  examination  of  this  study.  The  other  study  target,  E/EM  concerns, 
will  be  discussed  later. 

5.2  Design  Capability 

As  should  be  expected,  the  E/EM  data  base  supporting  composite  application  is  fragmented  because  the 
pieces  have  been  generated  by  many  different,  essentially  unrelated  research  and  development  programs. 
Although  a  great  deal  of  data  exists,  the  lack  of  necessary  data  collation  and  distribution  of  these 
resources  Is  an  obvious  weakness  in  this  development  process.  No  formalized  guidelines  or  utilization 
documents  are  available  which  address  electrical  or  electromagnetic  topics.  A  document  of  E/EM  Information 
would  be  Invaluable  to  provide  design  alternatives,  a  basis  for  risk  assessment,  and  an  education  tool 
for  the  inexperienced  composite  user.  An  existing  document,  the  DOD/NASA  Composite  Design  Guide,  might 
be  expanded  to  Include  this  Information. 

From  available  data,  deviations  to  EM-related  specifications  and  standards  necessary  for  controlled 
composite  application  are  understood.  However,  the  evaluations  required  to  Identify  resulting  Implications 
of  these  deviations  are  yet  to  be  accomplished  (e.g.,  the  2.5  mllliohm  bonding  requirement  of  MIL-B-5087B 
cannot  be  attained;  however,  It  probably  need  not  be  an  absolute  requirement). 

Computer  programs,  used  extensively  in  the  engineering  design  process,  Involve  obvious  assumptions  of 
metal -peculiar  characteristics  requiring  reconsideration.  Computer  codes  developed  by  the  Nuclear 
Electromagnetic  Pulse  (NEMP)  community  can  be  adapted  to  composite  system  evaluations  by  factoring  In 
conductivity  changes.  Those  codes  used  by  the  Electromagnetic  Interference  and  Compatibility  community 
(e.g.,  IEMCAP,  SEMCAP,  etc.)  are  not  capable  of  considering  composite  uniquenesses  (Note:  Unfortunately, 
this  Is  an  insignificant  point  because  these  codes  are  not  mature  for  metal  systems). 

An  underlying  awareness  which  surfaced  during  this  study  was  a  lack  of  maturity  of  E/EM  supporting 
technology  Involving  durability,  maintenance  and  configuration  control  issues.  Although  solutions  to 


technical  problems  are.  or  can  be.  readily  available,  premature  utilization  of  unproven  or  unverified 
technology  could  create  long  term  risks. 

5.3  Design  Data 

Three  major  elements  of  an  electromagnetic  design  data  base  which  most  concern  composite  users  are 
material  properties,  configuration  parametric  description,  and  life  cycle  Information. 

Many  different  composite  materials  appear  to  be  available  for  the  aerospace  application.  However, 
based  on  mechanical  characteristics,  only  certain  materials  are  being  used  or  considered  for  use. 

Kevlar  applications  utilize  fiberglass  electrical  protection  technology  based  on  conductivity 
similarities.  Graphites,  on  the  other  hcnd,  are  much  nearer  In  conductivity  to  aluminum  (10'3  as 
conductive)  and  need  not  rely  on  fiberglass  technology.  The  modulus  of  elasticity,  which  Is  basically 
linear  with  conductivity,  is  a  well  controlled  parameter  of  graphite  epoxy  composites  and  thereby 
effectively  limits  variations  In  conductivity. 

Good  material  characterization  Is  required  to  define  system  parameters.  Information  available  on 
conductivity  has  yielded  many  different  descriptions  of  system  parameters  such  as  shielding  effectiveness, 
joint  Impedance,  or  transfer  Impedance.  A  major  dilemma  exists  because  there  are  no  uniform  definitions 
or  standard  measurement  techniques  for  these  parameters.  The  varied  data  available  from  composite 
research  programs  are  not  universally  accepted  for  this  reason.  In  fact,  one  company  can't,  or  won't, 
use  another's  data  due  to  lack  of  standardization. 

With  respect  to  life  cycle  cost  issues  (e.g.,  produclbillty,  maintainability,  durability,  repalrabillty, 
etc.),  little  effort  has  been  expended  to  assure  reasonable  design  considering  life  cycle  tradeoffs. 
Although  some  programs  have  addressed  limited  aspects,  there  are  no  guidelines  for  building  cost 
effective  composite  systems.  Again,  this  Is  not  to  Imply  an  Inability  to  produce  a  design,  only  to 
Indicate  an  area  requiring  development  to  reduce  long  term  acquisition  risks. 

Composite  material  E/EM  technology  has  matured  sufficiently  so  that  researchers  have  begun  Identifying 
tradeoffs  between  structural  hardening,  subsystem  hardening  and  Interface  hardening.  The  limitations 
caused  by  Issues  previously  mentioned  and  by  some  as  yet  unresolved  E/EM  concerns  still  Impede  this 
effort. 


5.4  Electrical  and/or  Electromagnetic  (E/EM)  Concerns 

Table  I  categorizes  the  E/EM  concerns  Into  five  levels  -  Insignificant,  minor.  Intermediate,  major  or 
unknown  on  the  basis  of  current  understanding  and  risk  associated  with  the  application  of  composite 
materials  to  aerospace  systems.  The  text  supports  and  explains  the  various  categorizations.  The  E/EM 
concern  Is  also  Identified  In  Table  I  In  terms  of  conductivity,  transfer  impedance,  joint  Impedance, 
and  grounding. 

5.4.1  Lightning  Direct  Effects 

Natural  lightning  presents  a  very  large,  potentially  damaging  electrical  event  to  aerospace  vehicles. 
Currents  from  direct  lightning  attachments  can  burn,  pit,  arc  and  cause  significant  damage  to  the 
aerospace  structure.  Entry  of  lightning  energy  Into  the  vehicle  can  damage  Internal  subsystems. 

Further,  arcing  and/or  local  heating  may  result  In  fires  or  explosions  in  fuel  systems.  Such  lightning 
effects,  however,  present  manageable  challenges  to  designers  of  metal  technology  aircraft.  Using 
composite  materials  complicates  the  designer's  task. 

Lightning  Interaction  with  fuel  systems  may  be  the  most  serious  complication  resulting  from  composite 
applications.  (Golem,  G.  ...  1978).  Specific  concerns  are  possible  dangerous  voltage  potentials 
caused  by  end-to-end  I-R  voltage  drops,  arcing  between  conductive  plumbing  lines  permitted  by  Increased 
bonding  resistance,  or  possible  hot  spot  (point  of  attachment)  release  of  heated  material  causing  vapor 
Ignition.  Specific  development  activity  will  be  required  to  fully  resolve  these  Issues. 

With  respect  to  other  direct  lightning  effects,  Intensified  research  accomplished  in  the  early  seventies 
has  led  to  a  relatively  good  definition  and  understanding  of  the  potential  physical  damage  mechanisms 
involving  composite  structure.  A  variety  of  options  has  been  developed  which  provides  designers  with 
guidelines  for  selection  of  particular  design  approaches  (Schneider,  S.  D.  ...  1978;  Fisher,  F.  A.  ... 
1973;  Qulnllvan,  J.  0.  ...  1971;  Brick,  R.  0.  ...  1972).  In  essence,  the  need  for  lightning  protection 
of  composite  structures  of  aerospace  systems  can  be  determined  and.  If  needed,  effectively  provided. 

5.4.2  Lightning  Indirect  or  Induced  Effects 

Lightning  Induced  effects  refer  to  the  responses  within  the  aerospace  system  caused  by  electromagnetic 
energy  released  during  a  lightning  event.  The  technologies  associated  with  characterization  of  the 
lightning  event,  the  analytical  prediction  of  effects,  and  the  prevention  of  unacceptable  responses 
are  Immature.  Government  sponsored  R4D  programs  have  recently  evolved  a  number  of  techniques  which  offer 
potentially  valuable  guidance  to  designers  of  composite  vehicles  In  providing  resistance  to  lightning 
Induced  energy  (Wallace  B.  J.  ...  1978,  Wallace,  B.  J.;  Burrows,  B.  J.  C.  ...  1978).  Much  of  the  basic 
work  necessary  to  develop  protection  techniques  for  the  Induced  lightning  threat  has  either  been  completed 
or  Is  being  addressed  In  continuing  end  proposed  programs  (Wallace,  B.  J.  ...  1978;  Wallace,  B.  J.; 
Burrows,  B.  J.  C.  ...  1978;  Air  Force  Flight  Dynamics  Laboratory,  1978).  However,  due  to  the  inability 
of  designers  to  analytically  determine  hardness  margins  (measure  of  Immunity  to  electromagnetic  effects), 
the  application  of  protection  techniques  cannot  now  be  optimally  matched  to  protection  requirements. 

The  application  of  graphite  epoxy  composite  in  areas  on  aerospace  systems  which  contain  electronics  or 
wiring  reduces  material  conductivity  and  Increases  structural  joint  Impedance,  resulting  In  a  reduction 
In  the  shielding  ability  of  the  structure.  Once  provided  with  the  basic  data  and  methodology  needed  to 
perform  tradeoffs,  system  designers  may  combat  Increased  levels  of  electromagnetic  energy  by  either 
Increasing  the  Immunity  of  subsystems  or  Improving  the  shielding  properties  of  the  structure. 
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III 

IV 

.IGHTNING  DIRECT  EFFECT 


Structural  Effects 


Fuel  System  Effects 


IGHTNING  INDIRECT  EFFECTS 


NTENNA  PERFORMANCE 


HF  &  LF 


VHF  -  L  Band 


Above  L  Band 


TATIC  ELECTRICITY 


DAR  CROSS  SECTION 


Low  RCS  Observable  Case 


MI/EMC/EMP 


OWER  SYBSYSTEM 


YSTEM  GENERATED  EMP 


THER  NUCLEAR  EFFECTS 


PACE  ENVIRONMENTAL  EFFECTS 


I  -  INSIGNIFICANT  -  No  Implication  due  to  composites. 

II  -  MINOR  Sufficient  data  available  to  allow  design  alternatives. 

III  -  INTERMEDIATE  -  A  d  ta  base  exists;  however,  R&D  Is  necessary  prior  to  or  during 

development  program. 

IV  -  MAJOR  -  Insufficient  data  available  to  preclude  high  risk  application,  or  data 

Indicate  significant  risk. 

V  ~  UNKNOWN  -  Impact  unknown  since  no  data  are  available. 

A  -  CONDUCTIVITY  -  Concern  relative  to  Increased  Impedance. 

B  -  TRANSFER  IMPEDANCE  -  Concern  relative  to  conductivity  changes  resulting 

In  reduced  shielding  effectiveness. 

C  -  JOINT  IMPEDANCE  -  Concern  relative  to  reduced  joint  conductivity,  (Involving 
electrical  continuity  and  electrochemical  Isolation). 

0  -  GROUNDING  -  Concern  Involving  electrical  signal  reference  to  composite. 


20 -S 


The  Air  Force  Flight  Dynamics  Laboratory  has  prepared  a  Technology  Program  Plan  (Air  Force  Flight 
Dynamics  Laboratory,  ...  1978)  which  specifically  addresses  the  Induced  lightning  problem  with  the 
goal  of  demonstrating  protection  technology  for  tomorrow's  aerospace  systems.  This  i  rogram  has  added 
Importance  In  that  It  addresses  other  primary  concerns  Identified  by  the  assessment. 

5.4.3  Antenna  Performance 

The  Impact  of  composite  materials  on  the  performance  of  antennas  varies  depending  on  the  type  of  antennas 
Involved  and  on  the  type  of  material.,  Nonconductlve  composites,  such  as  fiberglass  or  kevlar,  may  use 
metallic  surface  treatments  to  preclude  antenna  Impact.  However,  graphite  epoxy  materials  serve  as 
adequate  ground  planes  for  some  antennas  (Skoby,  C.  C.  ...  1975;  Hudson,  J.  L.  ...  1974).  Little  data 
exist  as  to  the  performance  of  antennas  operating  above  one  GHz  and  below  30  MHz.  Increased  joint 
Impedance  will  likely  affect  HF  a, id  LF  antenna  current  circulation  and,  therefore,  the  performance  of 
those  antennas. 

The  many  varied  potential  composite  applications  Involving  spacecraft  antennas  require  significant 
examination  to  preclude  Inappropriate  use  of  fiberglass  technology  and  to  retain  weight  savings 
benefits. 

5.4.4  Static  Electricity 

The  potential  for  encountering  static  electricity  problems  Is  a  surface  conductivity  Issue.  For  the 
boundary  cases,  Kevlar  requires  a  surface  treatment  while  graphites  do  not  In  themselves  affect  the 
charging  character  of  aerospace  systems.  Graphites  are  sufficiently  conductive  to  preclude  charge 
storage;  however,  a  fundamental  conflict  between  conductivity  and  corrosion  control  may  present  a 
significant  task  to  the  designer.  A  potential  electrochemical  corrosion  problem  with  the  aluminum 
to  graphite  joint  Is  solved  by  electrical  Isolation  which  Is  contrary  to  most  electrical  design 
approaches.  The  development  of  conductive,  non-corrosive  joints  will  preclude  any  static  problems. 
Relative  to  conductivity,  the  benefit  of  proprrly  designed  joints  to  other  electrical  Issues  should 
be  obvious. 

5.4.5  Radar  Cross  Section  (RCS) 

RCS  (a  measure  of  radar  power  reflected  from  a  structure  back  to  the  radar  transmitting  antenna 
proportional  to  the  area  of  a  sphere  which  when  radiated  produces  the  same  return  power  as  that  of  the 
structure)  was  anticipated  to  be  significantly  Impacted  by  the  application  of  graphite  composites  to 
the  aerospace  structure.  Tests  comparing  aluminum  to  graphite,  however,  have  shown  no  significant 
difference  In  RCS  (Hudson,  J.  L.  ...  1974). 

Low  RCS  observable  requirements  may  be  cause  for  concern  because  the  joints  In  the  material  may  pro¬ 
duce  larger  radar  returns  than  those  In  metal  structures.  The  level  of  concern  Is  low  due  to  factors 
associated  with  reducing  other  mere  significant  return  sources.  However,  If  a  low  RCS  observable 
design  Is  to  be  realized  utilizing  graphite  composites,  the  joint  question  should  be  answered. 

5.4.6  Electromagnetic  Interference  (EMI),  Electromagnetic  Compatibility  (EMC)  and  Nuclear 
Electromagnetic  'Pulse  (NEMP) 

These  Ispues  embody  the  fundamental  concerns  associated  with  the  use  of  composite  materials.  The 
technical  disciplines  of  EMI,  EMC  and  NEMP  are  all  directly  related  by  the  same  physical  laws  and 
are  controlled  by  the  same  design  concepts.  In  a  very  general  sense  EMI,  EMC  and  NEMP  Involve  the 
generation  of,  detection  of,  susceptibility  to,  and  protection  from  electromagnetic  energy  associated 
with  electrical  and  electronic  svusystems,  natural  sources  and  nuclear  events.  The  design  of  the 
structure,  which  contains  electrical  or  electronic  equipments,  Is  of  primary  Importance  given  that 
most  control  techniques  are  associated  with  or  referenced  to  the  system  structure.  Fundamental  tools 
of  the  EM  designer  are  the  equlpotentlal  ground  plane  and  "Faraday  Cage"  typically  provided  by  metal 
structure  as  mentioned  earlier.  When  the  metal  structure,  or  portions  thereof.  Is  replaced  by  graphite 
epoxy,  these  fundamentals  may  be  degraded.  Again,  the  reduced  material  conductivity  and  joint  Impedance 
are  the  sources  of  concern.  The  Impacts  may  Include  reduced  shielding  effectiveness  of  the  structure; 
degraded  electrical  filter  operation;  Increased  bonding  resistance  for  boxes  and  signal  and  shield 
terminations; degraded  Interface  references;  etc.  (Wallace,  B.  J.  ...  1978;  Wallace,  B.  J.  ...  1978; 

Skeby,  C.  0-  ...  1975;  Hudson,  J.  L.  ...  1974;  Force,  R.  ...  1977;  Maxwell,  K.  J.  ...  1979; 

Kim,  D.  G.  ...  1974).  The  severity  of  such  Impacts  depends  heavily  on  the  configuration  of  the 
material  and  the  structural  concepts  utilized.  A  correct  Interpretation  of  available  data  Is  necessary 
to  define  degrees  of  concern  with  particular  Issues,  eg.,  shielding  effectiveness  may  be  reduced 
significantly  at  specific  frequencies  but  may  be  "as-good-as-metalT‘  at  others  or  the  Insertion  loss  of 
a  filter  may  be  reduced  an  order  of  magnitude  at  a  specific  frequency  but  may  be  adequate  to  ensure 
proper  operation.  Taken  Individually,  these  Issues  are  not  major  concerns;  however,  the  combined 
effects  should  be  taken  seriously.  Given  sufficient  attention,  many  EMI,  EMC  and  NEMF  problems  may 
be  precluded.  However,  the  fact  that  graphite  composites  present  a  reduction  In  the  ability  to  control 
the  effects  associated  with  these  EM  sources  must  be  a  consideration  In  applications  until  defined 
control  techniques  are  available.  Further,  trends  toward  more  sensitive  electronics  and  more  powerful 
EM  sources  add  an  additional  complication  to  this  Issue. 

5.4.7  Power  Subsystem  Design 

The  lifeblood  of  the  electrical  and  electronic  subsystems  Is  electrical  power.  In  the  aerospace 
vehicle  the  electrical  power  distribution  systems  are  relatively  complex  and  significant  portions  of 
the  hardware.  The  supply  of  direct  or  alternating  current  to  equipments  Is  accomplished  with  a  large 
amount  of  wire  with  the  current  returned  typically  through  the  structure.  Because  of  the  low  resistance/ 
Impedance  of  metallic  structure,  the  losses  associated  with  this  technique  of  power  distribution  are 
manageable.  The  Increase  In  resistance/impedance  due  to  composite  materials  results  In  additional 
distribution  losses  which  range  from  marginal  to  unacceptable  relative  to  system  performance 
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(Wallace.B.  J.  ...  1978).  Alternative  design  concepts  may  be  available  that  provide  acceptable  performance 
given  due  consideration  to  system  tradeoffs  Involving  net  weight  savings. 

Lightning  Induced  effects  are  particularly  critical  because  of  the  large  voltage  created  on  the  power  wires 
during  lightning  events.  Experiments  have  shown  that  designs  using  structural  return  are  likely  to 
encounter  large  I-R  voltages  created  by  the  resistance  of  the  composite  material  (Wallace,  B.  J.  .,.1978). 
The  currents  which  result  from  direct  or  nearby  lightning  events  exist  In  metal  and  composite  structure, 
but  due  to  the  increased  composite  resistance,  the  resultant  voltage  Is  m  ch  higher  in  composites.  The 
obvious  concern  Is  overvoltage  to  subsystems  or  the  need  for  special  design  methods  to  preclude  a  major 
problem. 

5.4.8  System  Generated  EMP  (SGEMP) 

SGEHP  (Secondary  electron  emission  resulting  from  free  electron  release  caused  by  radiation  effects)  Is  a 
real  concern  for  metal  aerospace  structures.  However,  for  composite  structures,  the  emphasis  shifts  to 
Internal  radiation  effects  at  the  box  level.  Little  Is  apparently  known  relative  to  SGEMP  Impacts  on 
equipment;  therefore,  the  level  of  concern  has  not  been  established. 

5.4.9  Other  Nuclear  Effects 

This  area  has  been  left  as  a  catch-all  for  nuclear  effects  produced  by  ganma  radiation,  X-ray  radiation, 
etc.,  which  may  or  may  not  degrade  the  effectiveness  of  hardness  measures  applied  to  aerospace  systems. 

The  level  of  concern  Is  low  based  on  anticipated  hardening  approaches.  However,  It  Is  an  Issue  which 
should  be  considered  since  little  data  currently  exist. 

5.4.10  Space  Environmental  Effects 

The  concern  here  Is,  In  practical  terms,  essentially  Identical  to  that  of  Other  Nuclear  Effects,  with  the 
exception  of  space  charging.  Very  little  Is  known  of  potential  EM  Interactions  of  the  environmental 
degrading  effects  encountered  In  space.  There  are  programs  underway  to  address  these  Issues,  since 
experience  has  shown  definite  cause  for  concern. 

6.  STUDY  FINDINGS 

Of  the  Issues  considered,  the  leading  concerns  were: 

Lightning  spark  free  fuel  system  designs 
Lightning  Indirect  effects 
Bonding  of  Joints  and  seams 
Corrosion  control 
Electrical  durability 
Structural  Integrity 
Produclblllty 
Power  system  grounding 
KF  and  LF  antenna  performance 
Combined  space  environment  effects 
Specific  data  on  parametric  values 
Transition  of  technology 

These  leading  concerns  are  direct  reflections  of  dlffererxes  between  the  properties  of  composites  and 
metals  and  of  limited  data  and  experience.  The  property  differences  resulting  from  decreased  conductivity, 
reduced  shielding  effectiveness,  and  Increased  joint  Impedance  are  major  factors  In  all  the  concerns 
mentioned. 

The  level,  or  ranking,  of  concern  over  various  topics  between  Industry  and  Government  engineers  Is 
primarily  dependent  on  their  experience  with  these  topics.  The  more  experience  engineers  have  with 
the  E/EM  topics,  the  fewer  their  concerns.  An  unfortunate  fallout  of  such  experience  has  been  the 
development  of  pockets  of  company-owned  data  unavailable  to  the  general  engineering  public.  The  feeling 
of  a  need  to  develop  company-owned  data  bases  can  only  be  eliminated  by  providing  a  common  data  base  and 
means  for  distribution  of  available  Information. 

7.  CONCLUSIONS 

Even  with  the  changing  roles  of  materials,  the  use  of  more  sensitive  electronics,  and  potentially  more 
severe  electromagnetic  environments,  the  engineering  community  as  a  whole  Is  optimistic  that  the  benefits 
afforded  by  using  composites  can  be  sustained.  Although  E/EM  development  appears  to  be  lagging  structural 
development,  It  Is  considered  In  balance  as  compared  to  any  normal  development  effort.  There  are  no  show 
stoppers  precluding  the  use  of  advanced  composite  materials  In  aerospace  systems.  There  are,  however, 
specific  areas  requiring  clarification  and  development.  Based  on  the  findings,  a  series  of  recommendations 
to  Air  Force  activities  responsible  for  research  and  development  have  been  made.  The  study  group  concluded 
that  technology  development  Is  essential  In  five  major  areas: 


HUM 
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1.  Shielding  characterization  and  standardization  are  necessary  to  provide  the  user  with  basic 
electrical  characterizations  of  designs  and  with  universally  accepted  data  (to  eliminate  the  "not  measured 
here1'  Issue). 

2.  Effective,  durable,  maintainable,  producible  electrically  conductive  joint  technology  Is 
necessary  to  allow  accurate  design  characterization  and  to  eliminate  many  design  concerns. 

3.  A  lightning  proof  fuel  system  design  Is  required.  In  addition  to  the  usual  problems  of  arcing 
and  sparking,  tha  problem  of  hot  spot  Ignition  Is  of  major  concern. 

4.  Design  alternatives  require  definition  and  demonstration  to  preclude  distribution  loss  and 
lightning  Induced  transient  problems  with  sensitive,  critical  electronic  systems  and  power  system  returns. 

5*  Because  little  data  are  currently  available,  the  effects  of  the  space  environment  on  the  material 
and  E/EM  related  design  features  require  definition. 

Obviously,  other  technical  areas  are  Involved  (e.g.,  EMI  filter  efficiency,  signal  return  Impedance, 
chassis  ground  Impedance,  etc.);  however,  these  are  secondary  because  the  assurance  of  good  conductivity, 
via  good  joint  designs,  can  be  expected  to  preclude  many  secondary  problems. 

Based  on  available  research  data,  the  revision  to  current  specifications  and  standards  should  resolve  to  a 
numbers  game  (Increasing  bonding  values,  Increasing  permitted  voltage  losses,  etc.).  The  data  necessary 
to  take  an  Initial  cut  at  these  changes,  while  examining  Implications,  are  available. 

Finally,  to  preclude  duplication  and  assure  a  close  working  relationship,  a  dedicated  trl-servIce/NASA/FAA 
working  group  Is  necessary.  Primary  responsibilities  would  Include  program  coordination,  development  of 
design  guides  and  handbooks,  Information  exchange,  development  of  specifications/standards  or  changes, 
and  development  of  standard  test  methods  for  critical  areas  such  as  shielding  measurement. 

The  Air  Force  has  taken  an  active  Interest  In  this  subject  and  Indications  are  that  Command  support  for 
necessary  research  and  development  Is  likely.  Current  Air  Force  activity  Includes  a  planning  effort  to 
scope  necessary  development  and  produce  a  roadmap  outlining  Cortmand  responsibilities,  A  key  to  successful 
composite  utilization  on  aerospace  systems  will  be  Initiative  and  cooperation  on  the  part  of  the  total 
composites  conmunlty,  structural  and  electrical,  contractors  and  Government. 
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COMPOSITE  AIRCRAFT  ELECTROMAGNETIC  PERFORMANCE 

BY 

0.  A.  Birken 
Naval  Air  System  Command 
Washington,  D.C.  20361 


SUMMARY 

Five  years  ago  the  development  of  Naval  aircraft  with  composite  materials  replacing 
selected  metallic  areas  prompted  the  initiation  of  the  program  "Electromagnetic  Charac¬ 
teristics  of  Composite  Aircraft  Structures  and  Electronics  (EMCCASE)".  Two  years  ago  a 
parallel  program  "Composite  Aircraft  Generic  Electromagnetic  Protection  (CAGEMP)  was  be¬ 
gun  which  employs  the  data  acquired  from  the  EMCCASE  program  to  optimize  weight  penal¬ 
ties  required  for  composite  aircraft  electromagnetic  protection.  The  program  further 
investigates  the  structural-material-electromagnetic  interactions  experienced  by  protec¬ 
tive  coatings  in  severe  Naval  aircraft  carrier  electromagnetic  environment  and  overall 
life  cycle  modification.  Two  avenues  being  used  to  disseminate  knowledge  gained  from 
these  programs  are  a  composite  aircraft  electromagnetic  design  manual  and  the  incorpora¬ 
tion  of  electromagnetic  effect  parameters  into  currently  employed  aircraft  structure/ 
material  design  programs.  While  voids  remain,  this  paper  demonstrates  that  thin  metal 
coatings  are  a  weight  efficient  means  of  improving  graphite/epoxy  low  frequency  perfor¬ 
mance. 

1.  INTRODUCTION 

Last  generation  aircraft  designs  utilized  small  amounts  of  different  composite  materi¬ 
als.  Current  airframes  entering  the  production  phase  commence  construction  of  major 
structural  areas  from  graphite/epoxy  material.  Projections  (Stansberg,  1979)  indicate 
that  55%  of  all  aircraft,  helicopters  and  missiles  will  be  constructed  from  composite 
materials.  While  future  designs  may  tend  toward  new  developed  materials,  graphite/epoxy 
is  currently  the  dominant  material  whose  utilization  will  continue  for  many  years. 

Composite  material  electromagnetic  properties  differ  substantially  from  established 
aluminum  electromagnetic  properties.  This  paper  will  review  the  electromagnetic  proper¬ 
ties  of  various  aircraft  materials  with  primary  concern  given  to  graphite/epoxy.  It 
will  be  shown  that  the  low  frequency  transfer  impedance  of  graphite/epoxy  is  3800  fold 
less  than  an  equal  thickness  of  aluminum  thereby  significantly  reducing  the  low 
frequency  airframe  shielding  customarily  provided  by  aluminum  airframes.  The  electrical 
conductance  across  the  joining  of  a  graphite/epoxy  panel  to  an  aluminum  panel  cannot  be 
as  easily  defined.  Some  joint  designs  have  a  dielectric  coating  placed  between  the 
metal  and  the  composite  material  to  prevent  galvanic  corrosion,  thereby  forming  a  slot 
antenna.  Other  joint  designs  use  a  poorly  conducting  adhesive  to  connect  the  composite 
material  to  aluminum  causing  similar  leakage.  Joint  designs  most  currently  encountered 
connect  the  graphite/epoxy  to  aluminum  with  titanium  rivets.  These  offer  limited  con¬ 
ductivity  ranging  from  .06  to  .006  ohm-M  with  significance  dependence  on  manufacturing. 
Electrically  invisible  joints  can  be  formed  by  co-curing  metal  tabs  into  the  composite 
material.  Strawe  successfully  used  this  method  to  measure  EMP  and  microwave  joint  be¬ 
havior  but  this  has  yet  to  receive  widespread  application  in  the  aerospace  community  due 
to  its  impact  on  manufacturing.  Current  composite  joints  exhibit  poor  electromagnetic 
integrity  and  fail  to  satisfy  existing  military  specifications.  Diffusion  coupling 
through  graphite/epoxy  is  inversely  proportional  to  frequency  and  dominates  joint  coup¬ 
ling  below  approximately  0.5  MHz.  How  to  compensate  the  increased  composite  airframe 
electromagnetic  coupling  requires  the  ability  to  describe  each  contributing  parameter  at 
all  frequencies  of  interest.  Such  information  combined  with  weight,  cost,  manufacturing 
and  environmental  considerations  is  required  to  determine  the  final  aircraft  design. 

The  interdependency  of  today's  new  disciplines  no  longer  allows  isolated  structural- 
avionic-electromagnetic  design  until  the  detailed  design  phase  at  which  point  only  minor 
variations  in  their  mating  can  be  made  without  significant  cost  overruns.  Modern  tech¬ 
nology  requires  consideration  of  all  disciplines  in  the  preliminary  design  stage  to  pre¬ 
vent  many  expensive  design  iterations.  Today,  with  the  exception  of  joint  coupling, 
graphite/epoxy  electromagnetic  properties  are  adequately  understood  to  allow  very  early 
interdisciplinary  design  iterations  to  be  mathematically  performed.  Such  design  algo¬ 
rithms  are  one  avenue  the  United  States  Navy  is  employing  to  disseminate  its  composite 
material  electromagnetic  data  base  for  use  in  early  aircraft  design  to  prevent  costly 
later  stage  redesign.  Two  other  avenues  being  used  are  the  compilation  of  composite  ma¬ 
terial  electromagnetic  design  guidelines  and  specifications/standards.  Table  1  provides 
the  current  outline  for  the  composite  material  design  guidelines.  The  refinement  of 
certain  graphite/epoxy  parameters  and  protection  techniques  combined  with  the  parameters 
of  emerging  composite  materials  will  require  periodic  updating  of  the  guidelines.  An 
overview  of  some  of  the  well  understood  graphite/epoxy  electromagnetic  parameters  and 
the  void  regions  which  constitute  current  areas  in  need  of  investigation  follows. 

The  open  circuit  black  box  voltage  VpC  induced  by  an  external  electromagnetic  field  may 
be  estimated  from  Voc  -  D(f)  m7Tn  (f )  with  the  seven  frequency  deoendent  parameters 
D(f),  T^f),  To (f ) . . . .Tg  (f)  shown  in  Figure  1.  D(f)  is  the  £.  ency  dependent  inten¬ 
sity  of  the  external  electromagnetic  environment;  T^(f),  the  frequency  dependent  air- 


frame  material  electromagnetic  shielding  transfer  function;  T2<f)»  the  shielding  influ¬ 
ence  of  the  airframe  shape;  Tj(f),  the  frequency  dependent  joint  leakage  term;  “4(f), 
the  cable  shielding  transfer  function;  Ts(f),  the  frequency  dependent  subsystem  suscep¬ 
tibility  transfer  function;  and  Tg(f),  is  the  additional  protection  transfer  function 
required  to  reduce  the  aircraft  internal  electromagnetic  field  to  tolerable  levels. 
Knowledge  of  each  of  these  terms  allows  evaluation  of  avionic  subsystem  open  circuit 
voltage  which  must  be  kept  adequately  small  to  prevent  avionic  subsystem  temporary  upset 
or  permanent  burnout.  Each  of  these  terms  will  be  discussed  to  form  the  foundation  for 
composite  aircraft  electromagnetic  protection,  and  weight  penalty  tradeoffs.  To  date 
studies  reveal  that  protective  metallic  coatings  on  graphite/epoxy  can  conveniently  pro¬ 
vide  one-hundred  fold  improvement  in  low  frequency  shielding  without  significantly  af¬ 
fecting  the  weight  or  structural  advantage  of  graphite/epoxy.  The  corrosion  and  other 
life-cycle  degradation  of  such  coatings,  have  had  limited  investigation.  Efforts  to 
fill  these  voids  are  underway.  Further  considerations  must  be  given  to  coating  manufac¬ 
turing  feasibility  before  optimum  protective  techniques  from  weight,  cost  and  time  pros- 
pectives  may  be  determined. 

The  need  of  a  protective  metallic  coating  for  a  graphite/epoxy  material  airframe  stems 
from  the  material's  3800  times  higher  resistance  or  3800  lower  conductivity  than  alumi¬ 
num.  Table  II  lists  the  conductivities  in  mhos/meter  for  aluminum,  graphite/epoxy, 
boron/epoxy  and  kevlar.  As  illustrated  in  Table  II,  graphite/epoxy  is  the  highest  con¬ 
ducting  composite  material  in  production.  Among  all  materials,  graphite/epoxy  ranks  as 
a  fair  conductor.  Indeed  it  is  vastly  better  than  kevlar  which  ranks  as  a  dielectric 
with  a  conductivity  6.10~®  mhos/M.  Initial  investigations  into  the  variation  on  graph¬ 
ite/epoxy  10,000  mhos/M  average  bulk  conductivity  due  to  manufacturing  processes  have 
revealed  a  +2  to  -4  fold  variance.  Current  Naval  objectives  are  to  determine  avionic 
voltages  and  currents  within  an  order  of  magnitude.  As  the  conductivity  variance  is  as 
much  as  4  fold,  measurement  of  samples  from  production  lines  can  reduce  the  uncertainty 
for  each  company.  Implementation  of  protection  techniques  discussed  later  in  the  paper 
will  negate  the  effect  of  material  conducting  variance. 

2.  INTERNAL  FIELD  DEPENDENCE  ON  MATERIAL  AND  AIRCRAFT  SHAPE 

The  effect  different  airframe  material  conductivities  have  on  magnetic  shielding  effec¬ 
tiveness  (G.  Dike,  R.  Wallenberg  and  J.  Birken,  1979  and  R.  Wallenberg  et.  al.  1980) 

SH(f )  ■  Hexternal/H internal  of  a  smell  cylindrical  8  ply  thick  (.00107M)  test  sample 
is  illustrated  in  Figure  2.  The  lower  the  conductivity  of  the  material,  the  poorer  the 
magnetic  shielding  and  the  higher  the  frequency  beneath  which  the  shielding  is  negligi¬ 
ble.  Shielding  is  a  frequency  dependent  variable  with  significant  changes  from  VLF  to 
microwave  which  cannot  be  represented  by  a  single  number.  Aluminum,  the  traditional 
airframe  material  exhibits  excellent  shielding  properties.  It  has  excellent  shielding 
for  almost  the  entire  portion  of  the  spectrum.  Composite  materials  have  an  unshielded 
low  frequency  window  below  .1  MHz  for  graphite/epoxy  and  below  100  MHz  for  boron/epoxy. 
Kevlar  with  lO^O  fold  lower  conductivity  than  graphite/epoxy  possesses  negligible 
shielding  throughout  the  spectrum. 

The  magnetic  shielding  effectiveness  discussed  in  the  above  paragraph  was  for  a  particu¬ 
lar  shape  with  a  specific  volume  to  surface  ration.  Neither  magnetic  shielding  effec¬ 
tiveness  nor  electrical  shielding  effectiveness  SE(f)  -  Eexternal/Binternal  can  b* 
measured  on  the  single  size  sample  and  then  be  used  for  all  other  shapes  and  sizes  con¬ 
structed  from  the  same  composite  material.  Figure  3  shows  the  significant  shielding 
effectiveness  differences  of  different  canonical  shapes  composed  of  the  same  material. 
The  large  variance  between  the  flat  plate  and  other  sample  shapes  stems  from  the  lack  of 
circulating  currents  induces  on  a  flat  plate.  A  flat  plate  sample  is  a  finite  section 
of  a  cylinder  whose  infinite  radius  does  net  exist  in  the  real  world.  The  closed  real 
world  approximation  to  a  single  finite  plate  sample  is  a  pair  of  parallel  plates  whose 
boundaries  are  electrically  coupled.  At  low  frequencies  an  aircraft  wing  is  a  close 
approximation  to  the  parallel  plate  canonical  case.  As  Figure  3  illustrates  parallel 
plate  representation  of  a  wing  does  not  exhibit  the  abnormally  high  shielding  effective¬ 
ness  implied  by  the  measurement  of  a  single  plate.  To  account  for  aircraft  shapes  other 
than  magnetic  field  codes  are  being  adapted  to  allow  accurate  calculation  of  composite 
aircraft  electromagnetic  performance.  The  extremely  low  frequency  large  wavelengths  in 
comparision  to  an  aircraft  size  reduce  the  difference  between  the  shielding  of  a  circu¬ 
lar  and  eliptical  cylinder.  Where  the  wavelength  approximates  .1  resonance,  aircraft 
low  frequency  canonical  approximations  must  be  superceded  by  more  precise  code  calcula¬ 
tions.  The  significance  in  aircraft  current  density  Jg  variance  due  to  airframe 
doors,  apertures  and  joints  will  be  determined  this  year  when  actual  aircraft  configura¬ 
tions  are  modeled  with  detailed  codes.  The  significant  shielding  variation  for  differ¬ 
ent  volume  to  surface  ratios  for  an  all  graphite/epoxy  cylinder  is  depicted  in  Figure  4. 

Figure  4  again  emphasizes  the  non-uniqueness  of  shielding  SE(f)  and  SM(f)  and  the 
consequential  difficulty  of  comparing  different  measurement  experiments.  The  figure 
further  shows  that  the  frequency  beneath  which  negligible  magnetic  shielding  is  exhibit¬ 
ed  becomes  lower  as  volume  to  surface  ratio  increases.  Consequently,  large  aircraft 
structures  have  better  magnetic  shielding  than  small  missiles.  A  collection  of  pub¬ 
lished  ata  on  graphite/epoxy  shielding  is  shown  in  Figure  5.  The  different  values  ob¬ 
tained  by  various  parties  may  be  correct  for  their  test  configuration,  however,  not 
realizing  the  dramatic  differences  caused  by  different  measurement  setups,  has  caused 
confusion  in  comparing  test  sample  data. 

To  avoid  thiu  confusion  by  obtaining  an  unique  material  shielding  parameter  requires  the 
introduction  of  terms  other  than  SH  and  SE.  The  EMP  community  has  long  used  the  term 
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transfer  impedance  Zgj  to  uniquely  describe  material  shielding  properties,, 
impedance 


ZgT(f ) 


..internal,,. 

Etan 


.external 

Surface 


Transfer 

(1) 


determines  the  internal  tantential  electric  field  normalized  to  the  surface  current  den¬ 
sity  distribution.  This  removes  the  drastic  effect  the  different  shape  current  distri¬ 
butions  shown  in  Figure  3  have  on  SH(f)  and  SE(f).  For  low  frequencies  the  asymp¬ 
totic  of  Zgi(f)  is  accurately  represented  by 


Zgij  **  1/ad 


(2) 


where  is  the  material  conductivity  discussed  earlier  and  d  the  material  thickness. 

The  Jg  independence  of  equation  (2)  allows  it  to  serve  as  a  material  shielding  prop¬ 
erty  which  different  parties  can  measure  in  different  facilities  and  be  able  to  compare 
their  data  without  being  puzzled  why  two  carefully  done  experiments  produce  very  differ¬ 
ent  answers.  The  effect  on  the  current  distribution  perturbations  caused  by  apertures, 
joints  and  aircraft  body  shape  can  be  evaluated  for  low  frequencies  with  method  of  mo¬ 
ments  and  finite  element  codes  which  have  been  developed  for  metal  aircraft.  The  con¬ 
ductivity  of  graphite/  epoxy  is  adequately  higher  than  most  joint  and  aperture  imped¬ 
ances  to  allow  surface  current  calculations  to  be  performed  similar  to  metal  calcula¬ 
tions.  Boron/epoxy  conductivity  is  too  low  for  the  convenient  metal  approximation 
zmaterial  <<  zjoint' 


Transfer  impedances  Zg  (f)  for  different  aircraft  materials  with  a  common  .00107  meter 
thickness  (the  thickness  of  8-ply  graphite/epoxv)  are  shown  in  Figure  6.  The  transfer 
impedance  value  is  unique  for  all  Jhapes.  Efforts  are  underway  to  adopt  it  as  a  stand¬ 
ard  measurement  of  shielding  in  the  United  States.  With  composite  materials  receiving 
widespread  aviation  industry  application  in  the  1980's  efforts  should  be  put  towards 
making  transfer  impedance  a  NATO  standard.  The  low  frequency  asymptote  of  Figure  6  is 
simply  limZST(f)  -  1/ad.  The  remainder  of  the  transfer  impedance  curve  is: 
f-*-VLF 


ZgT  =  (/wy/a)  sin(/uyad) 


(3) 


where  u>,  y,  a  and  d  are  respectively,  the  angular  frequency,  permeability,  conductivity, 
and  thickness  of  the  airframe. 


3.  JOINT  LEAKAGE 

The  third  contributing  coupling  mechanism  T-j(f)  shown  in  Figure  1  is  the  electromagnetic 
leakage  through  joints.  A  joint  is  formed  by  the  joining  of  two  originally  separate 
aircraft  components  by  adhesive  or  rivets.  Both  joining  methods  generally  create  a  sig¬ 
nificantly  lower  conductivity  than  that  of  the  panels  being  joined.  The  presence  of 
lower  conducting  boundaries  on  an  airframe's  surface  impede  current  density  Jg  in  cer¬ 
tain  directions.  The  greater  the  Jg  disturbance,  the  greater  the  electromagnetic 
energy  coupled  into  the  aircraft  interior.  The  disturbed  currents  create  spatial  var¬ 
iant  Jg  terms  which  can  further  increase  coupling  into  the  interior  of  the  air¬ 
craft.  An  avionic  bay  door  composed  of  graphite/epoxy  with  poorly  conducting  joints  can 
force  current  to  circulate  about  it  forming  a  "magnetic  well".  Indeed  graphite/  epoxy 
possessing  a  conductivity  3.8  x  103  low^r  than  surrounding  aluminum  can  substantially 
alter  aircraft  surface  current  distribution  even  with  ideal  joints.  The  significance  of 
the  two  dimensional  joint  effect  is  frequency  dependent.  Skin  depth  6-2/wya  in  graph¬ 
ite/epoxy  and  aluminum  differ,  as  1  -  e"1  of  the  current  travels  above  skin  depth. 
Current  reactive  and  cavity  properties  have  been  found  to  substantially  reduce  the  two 
dimensional  Jg  above  1  MHz. 

To  describe  joint  leakage,  (Strawe,  D.  R. ,  1980}  and  paper  number  4  of  this  conference 
defines  joint  impedance  as 

AVjoint  *  zj  Js  (4) 

where  VjDint  is  the  contribution  to  V^j,  caused  by  the  higher  joint  impedance  Zj  per 
unit  width  through  which  surface  current  density  Jg  flows.  Figure  7  illustrates  three 
joint  designs  and  the  joint  admittan<*  .  Yj  -  1/Zj  variance  resulting  from  the  different 
mechanical  designs.  The  skirt  joint  shown  in  Figure  7,  which  adhesively  connects  two 
graded  material  sections  offers  little  opportunity  for  the  electrically  conducting 
graphite  fibers  to  contact  the  other  section.  Consequently,  its  electromagnetic  proper¬ 
ties  are  undesirable,  A  joint  connected  with  fasteners  is  the  most  frequently  employed 
aircraft  joint  design.  This  joint's  electromagnetic  properties  can  be  improved  by  the 
use  of  special  fasteners  designed  to  provide  contact  to  the  graphite  fibers  and  by  con¬ 
sidering  the  electromagnetic  consequences  imposed  in  the  manufacturing  processes.  A 
frequently  occurring  joint  design  problem  arises  from  the  differences  in  electromotive 
series  of  the  two  jointed  materials.  The  galvanic  voltage  generated  in  the  humid  envi¬ 
ronment  electrolyte  experienced  by  aircraft  carriers  produces  corrosion.  Graphite/ 
epoxy,  aluminum  or  cadmium  plated  steel  produce  approximately  1  volt  accompanied  by  a  15 
ampere  per  square  centimeter  current  flow.  A  dielectric  coating  is  frequently  placed 
between  the  different  materials  to  inhibit  the  corrosion.  Such  a  coating  prevents  cor¬ 
rosion  but  creates  significant  electromagnetic  leakage  through  the  non-conducting 
dielectric  electrical  cracks.  The  but  joint  shown  in  Figure  7  with  titanium  rivets  cor¬ 
rectly  inserted  in  manufacturing  are  one  means  of  offering  a  pathway  to  electromagnetic 


21-4 


current  flowing  along  an  aircraft  fuselage  with  dielectrically  isolated  joints.  Mea¬ 
surements  of  new  uncorroded  joints  when  manufactured  for  high  electromagnetic  integrity 
can  exhibit  low  frequency  asymptote  joint  impedances  as  low  as  5  to  10  miliohms/meter. 
Without  special  manufacturing  considerations  typical  Zj  values  lie  in  the  50  to  100 
miliohms/meter  range.  Joints  designed  for  electromagnetic  integrity  exhibit  a  low  fre¬ 
quency  asymptote  Zj  .01  -0.1  miliohms/meter.  The  above  values  show  that  the  United 

States  Military  Standard  Specification  requirement  of  2.5  miliohms  is  only  satisfied  in 
graphite/epoxy  joints  with  specially  designed  joints. 

All  the  above  values  are  for  new  uncorroded  joints.  The  difficulty  of  freshly  produced 
composite  joints  to  satisfy  military  bonding  specifications  has  overshadowed  considera¬ 
tion  of  environmentally  degraded  joints.  Graphite  to  graphite  bonding  diminished  100 
times  when  aged  with  humidity  salt  spray  over  a  30  cay  period.  Further  efforts  are  re¬ 
quired  in  this  area  to'  produce  a  sufficient  data  base,  however  well  established  metal  to 
metal  joint  environmental  degradation  combined  with  the  significant  graphite /epoxy  alum¬ 
inum  galvanic  corrosion  indicates  this  to  bn  an  area  of  concern. 

The  study  by  Strawe,  D.  F.  and  Piszker,  L.  D. ,  1980  was  initiated  to  determine  the  capa¬ 
bility  of  different  composite  material  and  composite  joint  measuring  techniques.  It  was 
well  established  at  the  onset  of  the  effort  that  graphite /epoxy  transfer  impedance 
Zgnr>(f)  could  accurately  be  predicted  with  equations  (2)  and  (3).  However,  it  was 
originally  felt  that  joint  admittance  Yj(f)  would  have  to  be  determined  empirically.  To 
optimize  selection  of  a  test  facility  and  firmly  establish  each  facility's  behavior  each 
approach  was  analyzed.  The  results  of  this  effort  are  included  in  paper  number  4  of 
this  meeting.  Table  III  summarizes  the  frequency  range,  Zgiji(f)  and  Yj(f)  parameter 
sensitivity,  dynamic  range,  estimated  measuring  time  and  estimated  accuracy  for  each 
test  facility.  The  meximum  frequency  is  fra  (MHz).  As  one  would  expect  the  least  expen¬ 
sive  Flat  Plate  Tester  (FPT)  provides  the  minimal  frequency  range  and  sensitivity.  It 
does  offer  the  advantages  of  expedient  testing  of  simple  flat  plate  samples.  The  most 
expensive  are  the  quadrax  and  stripline  (Whitson,  A.  L.  and  E.  F.  Vance,  1977)  which 
offer  the  highest  sensitivities.  The  principle  drawback  of  the  quadrax  is  its  require¬ 
ment  for  cylindrical  test  samples.  This  prevents  it  from  being  used  to  examine  samples 
directly  from  the  production  line.  It  should  be  noted  that  even  though  the  remaining 
test  facilities  are  capable  of  measuring  flat  samples,  cc-curing  of  metal  strips  into 
these  samples  for  intimate  external  electrical  continuity  is  required.  This  can  easily 
be  accomplished  by  selecting  production  line  samples  before  they  are  wired  and  adding 
the  metal  strips.  The  lack  of  microwave  coupling  data  through  graphite/epoxy  joints 
resulted  in  the  decision  to  build  the  anechoic  facility.  Results  from  this  effort  plus 
(Harrington,  R.  F.  and  Aukland,  D.  T.,  1979)  and  (Wallenberg,  R. ,  et.  al.)  have  revealed 
current  composite-aluminum  joints  to  be  severely  resistive  damped.  This  inhibits  reso¬ 
nances  to  play  a  dominant  role  in  the  microwave  region.  Wallenberg  shows  this  resistive 
damped.  This  inhibits  resonances  to  play  a  dominant  role  in  the  microwave  region. 
Wallenberg  shows  this  resistive  damped  joint  admittance  to  take  the  form 
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CABLE  AND  SUBSYSTEM  TERMS 


The  transfer  function  14(f)  for  different  cable  configurations  is  available  from  (Vance, 
E.  F.  1974),  (Frankel,  S.,  1974),  (Fisher,  F.  A.,  1977)  and  (Kaden,  H.,  1959).  As  with 
airframe  shielding  it  is  important  to  evaluate  the  shield  current  flow  from  which  the 
internal  wire  field  may  be  evaluated.  Of  similar  importance  is  the  connector  transfer 
function  and  its  grounding  configuration.  The  high  shielding  values  obtained  under  lab¬ 
oratory  conditions  are  not  found  in  the  less  than  ideal  configurations  exhibited  by  the 
multiple  wires  with  different  shielding  characteristics  that  are  bundled  together  inside 
airframes.  Fiber-optics  offer  high  electromagnetic  immunity  if  the  avionics  box  is  not 
contaminated  by  its  unshielded  power  cables. 

Figure  8  depicts  subsystem  susceptibility  transfer  function  Tr(£)  and  airframe  material 
trends  over  the  last  30  years.  (Entner,  R.,  Birken,  J.,  1977).  The  pre-1950  vacuum 
tube  upset  voltages  were  250  volts.  Upset  voltages  diminished  to  12-23  volts  with  dis¬ 
crete  transistor  deployment.  Progress  in  providing  many  transistors  on  a  single  inte¬ 
grated  circuit  (IC)  chip  further  lowered  the  upset  voltage  to  5  volt  region.  The  upset 
voltage  remained  nearly  constant  with  the  development  of  Large  Scale  Integration  (LSI) 
in  the  late  70's.  However,  the  significantly  larger  number  of  devices  per  ship  reduced 
the  total  energy  required  to  burnout  different  LSI  functional  regions.  Upcoming  Very 
Large  Scale  Integration  (VLSI)  is  expected  to  diminish  the  upset  voltages  to  the  1  to  2 
volt  region  and  further  reduce  required  burnout  energy. 

As  eluded  to  above,  both  upset  voltage  as  well  as  the  energy  delivered  to  the  device 
must  be  considered  in  protecting  graphite/epoxy  aircraft  avionics  from  high  level  elec¬ 
tromagnetic  environments.  Software  techniques  such  as  circumvention  can  reduce  the 
probability  of  short  term  lightning  (LEMP)  and  nuclear  electromagnetic  pulse  (NEMP)  up¬ 
sets  from  threatening  the  aircraft's  safety.  If,  however,  the  short  term  pulse  is  very 
intense,  semi-conductor  devices  will  be  bu-'nt  out  rendering  circumvention  ineffective. 
Figure  9  (E.  Blume  and  M.  Rose,  1975)  provides  the  upset  and  burnout  energy  for  a  wide 
spectrum  of  electronic  components.  Key  facts  to  be  noted  are  that  digital  integrated 
circuits  are  the  most  susceptible  and  the  Eupset  “0.1  Efc,urnout. 
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5.  UNPROTECTED  AIRCRAFT  PERFORMANCE 

The  proceeding  discussion  provides  the  parameters  needed  to  evaluate  the  ij  subsystem 
open  circuit  voltage  V^j  and  short  circuit  current  l<  j.  The  airframe  surface  current 
distribution  Js  (r,  6,  z,  f)  is  evaluation  for  the  aircraft  of  interest  using  Method 
of  Moment  (MOM)  or  Finite  Difference  Techniques.  These  techniques  require  input  regard¬ 
ing  the  physical  location  of  the  metal  and  composite  sections,  joints,  aircraft  shape 
geometry,  and  cable  routing.  Analysis  of  a  direct  lightning  strike  is  simplified  by  the 
major  lightning  energy  content  lying  in  the  very  low  frequency  region  (centered  about  50 
kHz).  Consequently,  lightning,  whose  intense  energy  wavelengths  X>>  Lairrraft*  is  al¬ 
most  quasi-static.  While  new  lightning  threat  data  indicates  higher  HF  U  > 1  MHz) 
energy  content,  the  low  frequency  susceptibility  of  graphite/epoxy  causes  the  intense  f 
<50  kHz  region  to  be  of  primary  concern.  Aluminum  aircraft  exhibiting  3.8  x  lo3  greater 
conductivity  than  graphite/epoxy  are  not  VLF  susceptible.  Consequently,  metal  impedance 
aircraft  joints  are  the  major  electromagnetic  coupling  mechanism  causing  lightning  HF 
content  to  be  of  concern  for  metal  aircraft. 


Table  IV  lists  voltage,  currents  as  well  as  energies  lightning  and  nuclear  electromag¬ 
netic  pulses  couple  onto  an  unshielded  wire  the  length  of  the  composite  aircraft.  Ar 
all  aluminum  aircraft  struck  by  full  level  lightning  produces  10.1  volts  at  .3  amp  on  a 
common  mode  wire  inside  fighter  size  aircraft.  The  same  size  aircraft  constructed  with 
graph ite/epcxy  produces  32,000  volts  at  1100  amps  under  the  above  cited  conditions.  The 
lower  conductance  of  graph ite/apoxy  creates  a  low  frequency  transfer  impedance  ratio 
ZjUe/Zgm  *  (cd)A’-/(cd )9/e  *  3168  times  as  discussed  earlier.  Lightning  100  meters 
from  aircraft  will  induce  approximately  250  volts  at  8.2  amps.  Table  IV  lists  voltages 
currents,  maximum  power  and  energies  caused  by  LEMP  and  NEMP  external  fields  in  aluminum 
and  graphite  aircraft  with  different  quality  joints.  Figure  10  shows  voltage  caused  by 
direct  lightning  attachment  studies  to  a  graphite/epoxy  forward  fuselage  (Borrows,  BJC 
1978).  Evaluation  of  the  tested  configuration  of  Figure  10  with  the  same  equations  used 
to  produce  Table  IV  provides  excellent  agreement.  Careful  use  of  protection  devices 
could  protect  most  avionics.  The  United  States  is  currently  considering  a  500  volt 
avionicu  box  hardening  specification.  Alone  it  would  not  suffice  hardening  for  NEMP 
through  a  cockpit  aperture  or  direct  lightning  strike  voltage.  NEMP  aperture  coupling 
is  not  unique  to  graphite/epoxy  aircraft  as  diffusion  and  joint  coupling.  The  remainder 
of  the  paper  will  deal  with  graphite/epoxy  protective  trade-off  techniques  that  result 
in  significant  protection  for  direct  strike  and  nearby  LEMP,  NEMP,  radar,  and  lasctr  pro¬ 
tection. 


6 .  PROTECTION  TRADEOFFS 


The  destructive  avionic  system  voltages  selected  electromagnetic  threats  can  create  in  a 
graphite /epoxy  skin  aircraft  has  prompted  the  United  States  to  initiate  significant  pro- 
tecfiye  technique  efforts.  Tg(f)  is  composed  of  the  subgroups  Tg  -  T18n’at*“al  + 
T3g3°lnts  +  T4 gCable  +  «r56box  where  each  of  the  Tmg  terms  is  the  improvement  in  electro¬ 
magnetic  vulnerability  resulting  from  different  protection.  The  introduction  of  compos¬ 
ite  materials  has  altered  Ti6ma*erxal,  T33oxnt,  and  T5box  whereas  alteration  of  the  re¬ 
maining  parameters  is  caused  by  other  technology  advances.  To  compensate  this,  primary 
Naval  efforts  are  being  directed  in  hardening  the  material  and  joint  configurations  and 
developing  electromagnetic  hard  fiber  optic  lines.  The  Air  Force  is  actively  engaged  in 
developing  device  hardening  techniques  which  is  also  needed  to  suffice  metallic  aircraft 
EMP  hardness  requirements. 

In  the  following  discussion  it  will  be  shown  that  current  material  hardening  can  offer 
50  to  300  fold  improvement  without  imposing  significant  we4  ,ht  penalties.  If  we  assume 
a  100  fold  improvement  due  material  and  joint  designs  the  remaining  38  fold  can  easily 
be  obtained  by  specifying  currently  available  fiber  optics  and  protective  devices.  The 
Navy  has  begun  work  on  a  material  shielding  specification.  This  needs  to  be  extended  to 
other  United  States  services  and  NATO  countries.  Likewise  the  Navy  intends  to  actively 
participate  in  box  hardening  specification  development  which  should  also  be  extended  to 
NATO  countries.  The  combination  of  material  hardening  and  box  hardening  will  offer  sig¬ 
nificant  electromagnetic  hardening  for  present  and  upcoming  threats.  Material  hardening 
also  corrects  composite  water  absorption  and  lightning  fuel  tank  spark  ignition. 

Figure  11  depicts  the  electromagnetic  hardness  of  composite  and  metallic  materials.  All 
values  are  calculatable  from  equations  2  or  3  and  have  been  confirmed  by  measurement. 

Low  frequency  lightning  directly  striking  an  aircraft  produces  the  highest  avionic  volt¬ 
ages  from  the  threats  considered  in  this  paper.  Conseq  lently ,  the  low  frequency  asymp¬ 
totic  ZgT  values  represent  maximum  lightning  energy  transfer  shown  in  Figure  11  are 
design  standards-,  Note  the  75  dB  higher  voltages  graphite/epoxy  allows  to  be  induced  on 
wires  than  an  equal  thickness  aluminum.  To  compensate  this  deficiency  electromagnetic 
protection  methods  must  be  invoked.  Recalling  EM  protection  T<  -  T36"later^a'*'  +  T3g3°xtlt 
+  T46cab3e  +  Tsgk0*  maximization  of  payload  necessitates  minimizing  the  weight  of  T$, 
retaining  adequate  protection,  and  preventing  protection  life  cycle  degradation. 

Figure  12  illustrates  how  much  EM  protection  different  coatings  provide.  A  4  mil  coat¬ 
ing  of  copper  diminishes  the  internal  field  (Efan)  325.  An  equal  thickness  of  aluminum 
reduces  the  internal  field  and  resulting  avionic  voltages  140  fold.  Nickel  and  tin 
coatings  respectively  reduce  avionic  voltage  58  and  40  fold.  The  attributes  of  Nickel 
and  Tin  are  their  low  corrosiveness  with  graph ite/cpoxy.  Implementation  of  aluminum  on 
copper  coatings  require  anti-corrosive  measures.  The  United  States  Navy  is  currently 
developing  highly  conductive  non-corrosive  coatings.  Aluminum  120  mesh,  aluminum  flame 
spray  and  titanium  coatings,  4  mils  thick,  do  not  significantly  diminish  avionic  volt- 
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ages.  The  lightweight  character  of  aluminum  flame  spray  is  attractive  if  techniques  to 
increase  its  conductivity  can  be  developed. 

The  150  fold  reduction  in  avionic  voltage  provided  by  aluminum  would  reduce  the  36,000 
volts  resulting  from  a  direct  lightning  strike  to  240  volts.  Increasing  the  coating 
thickness  to  8  mils  would  further  reduce  the  voltage  to  120  volts.  Further  coating 
thickness  increases  begin  to  impose  excessive  weight  penalties  for  fighter  size  air¬ 
craft.  Consequently,  wire  shielding,  fiber-optics  and/or  protection  devices  must  be 
added  to  reduce  the  avionic  voltages  below  the  approximate  LSI  2.5  volts  or  average  26 
volt  respective  upset  and  burnout  levels.  Mission  critical  systems  which  cannot  toler¬ 
ate  logic  being  changed  for  the  duration  of  lightning  impose  the  severest  protection  re¬ 
quirements  and  are  beat  served  by  fiber-optic  immunity.  The  isolation  between  well- 
shielded  fiber-optic  signal  lines  and  unshielded  power  cables  must  be  accounted  for  as 
poor  lower  line  to  signal  line  isolation  will  allow  large  powerline  transients  to  appear 
at  the  signal  lines  via  intra-box  coupling. 


Figure  13  depicts  the  weight  penalties  and  weight  density  imposed  by  the  coatings  illus¬ 
trated  in  Figure  12.  The  100  square  foot  surface  area  was  selected  due  to  its  numerical 
convenience  and  close  approximation  to  a  graphite/epoxy  fuselage  under  development. 

While  copper  provides  the  most  protection  per  unit  of  thickness,  it  also  offers  the 
highest  weight  penalty.  Copper  locating  a  100  square  foot  aircraft  area  adds  18.4  lbs. 
weight.  Constructing  100  square  foot  fuselages  from  graphite/epoxy  provides  an  approxi¬ 
mate  36  lbs.  weight  savings  over  the  same  fuselage  constructed  from  aluminum.  Adding  a 
4  mil  copper  coating  imposes  a  52%  weight  savings  penalty.  Aluminum  foil  offers  the 
next  best  electromagnetic  protection  from  the  considered  materials.  For  the  fuselage 
area  under  discussion  adding  4  mils  of  aluminum  foil  diminishes  avionic  voltage  141 
fold.  Such  an  aluminum  coating  imposes  5.52  lb.  weight  penalty  or  15.3%  reduction  in 
composite  material  weight  savings.  This  weight  penalty  is  based  on  an  eight  ply  thick 
graphite/epoxy  fuselage.  Graphite/epoxy  wing  designs  have  thickness  from  24  to  beyond 
96  ply.  Assuming  an  average  24  ply  wing,  a  4  mil  aluminum  foil  protective  coating  im¬ 
poses  only  a  5.1%  weight  savings  reduction.'  Losing  only  5  to  15%  composite  material 
weight  savings  for  100  fold  electromagnetic  immunity  improvement  is  an  affordable  weight 
penalty.  Studies  have  shown  that  metallic  coated  graphite/epoxy  exhibits  significantly 
less  water  absorption  than  uncoated  G/E  as  well  as  being  a  vastly  superior  lightning 
fuel  tank  ignition  design.  A  greater  weapon  immunity  iB  also  acquired  by  the  use  of 
metallic  coatings.  Weight  penalties  for  the  remaining  materials  in  Figure  12  are  shown 
in  Figure  13.  The  very  low  weight  penalty  of  aluminum  flame  is  intriguing  if  its  con¬ 
ductivity  could  be  increased.  Methods  of  realizing  this  are  under  discussion. 


Shielding  merit,  SM,  the  avionic  voltage  diminishment  per  weight  of  one  square  foot  of 
coating  material  is  shown  in  Figure  14.  SM  is  simple 


SM 


_g/e/_coated 

Etan/Etan 


~W§ 


(6) 


where  a  is  the  protective  material  volume  weight  density.  In  terms  of  the  surface  den¬ 
sity  oa  of  Figure  13  it  becomes  (E2/®/E52fJted )/o8d.  The  lightweight  high  shielding  of 
aluminum  foil  causes  aluminum  foil^to  offer  the  greatest  shielding  per  unit  weight.  The 
high  conductivity  of  copper  overshadows  its  high  weight.  Aluminum  flame  spray  due  to 
its  very  lightweight  exhibits  the  third  highest  shielding  merit.  Increasing  aluminum 
flame  spray  conductivity  as  little  as  3  fold  would  place  it  as  the  leading  protective 
metal  coating.  The  remaining  coatings  which  exhibit  less  corrosive  properties  do  not 
exhibit  the  excellent  low  weight  penalty  and  shielding  offered  by  copper  or  aluminum. 

An  aluminum  foil  protected  graphite/epoxy  has  recently  been  developed  which  is  expected 
to  be  corrosive  tolerant.  Further  electromagnetic,  structural,  and  life  cylce  degrada¬ 
tion  of  this  design  will  be  performed  in  1980. 


Highly  conductive  surface  coatings  composed  of  the  material  described  above  can  only 
provide  from  50-500  fold  reduction  in  avionic  voltage.  To  optimize  the  weight  penalty 
imposed  by  such  coatings  the  minimum  manufacturing  feasible  thickness  should  be  used. 
Such  a  thickness  lies  in  the  4  mil  inch  region.  Thin  coatings  are  optimum  since  the 
first  few  mils  of  say  aluminum  reduces  avionic  voltage  140  fold  at  a  5.6  lb.  per  hundred 
square  foot  weight  penalty. 


Greater  aluminum  foil  thicknesses  of  8  and  16  mils  would  provide  280  and  560  fold  volt¬ 
age  reduction  at  respective  weight  penalties  of  10.8  and  21.6  lbs.  Above  the  minimal 
thickness  a  6  dB  reduction  in  voltage  doubles  the  weight  penalty  of  conducting  coat¬ 
ings.  The  140  fold  reduction  is  well  justified  by  the  5.4  lb.  weight  penalty  while  the 
21.6  lbs.  weight  is  far  less  attractive.  Continued  protective  coating  thickening  turns 
a  composite  aircraft  into  a  metallic  aircraft.  Further  work  is  underway  to  select  opti¬ 
mum  protective  coating  thickness.  The  remainder  of  the  required  protection  will  be  pro¬ 
vided  by  T460abl®  and  Tsg*50*  protection  (Table  V  (Corbin,  J.C.,  1978)).  Metallic  coat¬ 
ings  need  to  be  complemented  by  hardened  joints.  If  one  commences  graphite/epoxy  air¬ 
craft  design  with  a  metallic  coating  the  design  of  hardened  joints  will  be  significantly 
simplified.  The  United  States  Navy  is  pursuing  a  program  which  will  use  developed  hard¬ 
ened  joints  for  metallic  coated  composites. 
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CONCLUSIONS 

In  summary,  unprotected  graphite/epoxy  aircraft  avionics  are  significantly  more  vulner¬ 
able  to  lightning  strikes  than  metallic  aircraft  while  only  slightly  more  vulnerable  to 
nuclear  EMP.  The  addition  of  a  thin  highly  conductive  metallic  coating  on  the  surface 
of  the  aircraft  con  significantly  reduce  this  vulnerability.  The  additional  reduction 
may  be  readily  obtained  with  currently  available  box  hardening  devices.  Composite  air¬ 
craft  hardening  soley  with  devices  is  questionable.  The  use  of  a  minimal  weight  savings 
penalty  selection  of  coatings,  hardened  joints,  and  device  hardening  will  res”!*  in  air¬ 
craft  electromagnetically  safe  from  radar,  nuclear  EMP,  lightning  and  severe  future 
electromagnetic  environments. 
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TABLE  I 

Composite  Aircraft  Electromagnetic  Design  Guidelines 

Introduction 

Electromagnetic  Threats 
Impact  on  EM  Performance 

Present  and  Future  Composite  Material  Applications 
Intrinsic  Material  Properties 
External  to  Internal  Coupling  Phenomena 
Component  8-  Subsystem  Susceptibility 
System  Analysis/ System  Tradeoffs 
Measurement  Test  and  Evaluation 
Protection  Methods  and  Techniques 
Design  Guidelines 


TABLE  II 

Material  Conductivity 

Low  Composite  Material  Electrical  Conductivity 
Provides  Low  Electromagnetic  Shielding. 


TABLE  HI 
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Baseline  (All  Composite)  Geometry 
Peak  Power  and  Maximum  Energy 


Direct  Strike 


Nose/Tail  Wire  (Nose/Tail  Attachment) 
(Nearby  Strike) 

Nose/Wing  Tip  (Nose/Tail  Attachment) 
Wire  (Nose/ Wing  Tip 

Attachment) 


VD 

(Volts) 

(Amps) 

pT 

(Kilowatts) 

El) 

(Joules) 

32,000 

1,100 

3,520 

1036.2  J 

250 

8.2 

2 

6,500 

220 

1,430 

42.06  J 

17,000 

9,350 

276.0  J 
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TABLE  V 

Filter  Compariaon  Matrix 


PXLTER 
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PtlTEN 
type  • 

USBfUb 

FREQUENCY  RANGE 
dial 

SIGNIFICANT 
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SXONXPSCMTP 
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Piienu  Ri  L,  c 

1.  >.  1*  4 

to  10* 
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Low  Coat 

Largo  tor  tow  frequency 
Low  Q 

ruriti.Midi 

1. 

10*  -  10* 

Versatile  Spurious  Resonances 

Dissipative  With  Saturation 

Low  pass  land 
loss 

Filter  Connector 

& 

10*  -  10* 

Design  integra¬ 
tion  simpli¬ 
city 

Dissipative 

•purloua  Resonances 
Saturation 

Coaxial 

1#  3«  3*  4 

10 »  -  10* 

High  Frequency 

Use 

Low  Paras  Itlos 

Largo  Oise 

Crystal 

9#  4, 

SulO*  -  1.1x10* 

High  0 

Snail  Use 

Spurious  laaonancas 

Nigh  Cost 

Caraaio 

2 

10*  -  10* 

Nigh  q 

Snail  Sis* 

Spurious  lasonanees 

Not  XC  Conpatltole 

Mechanical 

3#  4 

.1  -  2x10* 

>l«h  U 

United  Range 

Not  XC  Conpetlble 

Nigh  Insertion  toss 

Ac tire 

1#  2f  If  4 

to  10* 

Snail  else 

Cain  Provision 

Power  Requirement 
Limited  Rengo 

Damage  Susceptibility 

*  1  -  low  paeai  2 

-  High  Paatf 

1  •  Bandpaoai  4  * 

•and  Mjaot 

TABLE  VI 

Comparative  Valuei  of  Several  Surge  Protection  Device* 


MMHTttt 

SPARX  OAFS 

VARISTOR 

DEVICES 

XEMER 

DIODES 

Typical  surge  our rest 

capability  (A nps) 

10 <000 

1.000 

SOO 

Response  Tine  (Sec) 

l<f* 

10’* 

10** 

Capacitance  (id) 

10"*  * 

10“»* 

10“»* 

Voltage  Range  (Volts) 

•0  and  higher 

40-700 

2-100 

Insulation  Resistance 

■lgh  (10*  ofaa) 

Modlua 

Modiua 

Si-Polar  Operation 

Yea 

Yes 

No 

Pallors  Node 

Short 

Short 

Short 

Activated  State 

Short  Circuit 

Claaped 

Clamped 
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Fig.l  Electromagnetic  system  parameters 
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MATERIAL  SHIELDING  |Tt) 
Composite  Material  Electromagnetic  Shielding 
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Fi|',2  Magnetic  und  electrical  shielding  effectiveness  for  various  materials 
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The  Shape  of  an  Aircraft  Influences  EM  Coupling 
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Fig.3  Magnetic  shielding  effectiveness  fur  various  shapes 
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Fig, 4  Magnetic  sliielding  effectiveness  as  a  function  of  volume  to  surface  ratio 
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Fig.5  Published  graphite/epoxy  magnetic  and  electric  shielding  effectives 
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Fig.8  Aerospace  technology  trends 


EM  PROTECTION  OF  METALS  AND  COMPOSITES  0*) 

Transfer  Impedance  Shielding  of  Structural  Materials  and 
Protective  Electromagnetic  Coatings 

(Valid  for  Frequencies  Below  10*  Hz) 


Fig.  1 1  Transfer  impedance  shielding  of  structural  materials  and  protective  EM  coatings 


EM  PROTECTION  (T#) 

Protective  Coatings  Improvement  Relative  to  8-Ply  G/E 

(Valid  for  Frequencies  Below  10*  Hz) 
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Fig.  1 2  Improvement  protective  coatings  provided  relative  to  8-ply  graphite/epoxy 
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EM  PROTECTION  WEIGHT  PENALTIES  CT*) 

Forward  Fuselage  AV-8B  (Area  -  100  Ft2)  Weight  Penalty 
(Pounds)  Imposed  by  Electromagnetic  Protective  Coatings 

WEIGHT  PENALTY  (Lba) 
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Fig.  1 3  Weight  penalty  imposed  by  protective  coatings 
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Weight  Shielding  Figure  of  Merit 

(Protection  Beyond  8-Ply  G/'E  Provided  by  tho  Weight  of  1  Square  Foot  of  Protective 
Coating) 
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Fig.  14  Weight/shieiding  figure  of  merit  of  EM  protective  coatings 
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SUMMARY 


A  m:-.jor  concern  with  the  increasing  use  of  composite  materials  and  low  voltage  electronics 
is  the  amount  of  electromagnetic  coupling  to  the  interior  of  an  aircraft  and  to  the  cables 
and  electronic  devices  within  it.  This  paper  describes  simple  methods  for  determining  the 
shiolding  provided  by  an  aircraft's  exterior  surface  and  the  coupling  of  the  interior 
fields  to  cables  and  transmission  lines  within  aircraft  cavities.  The  results  can  be  used 
to  determine  trade-offs  between  electromagnetic  shielding,  weight,  and  cost. 

The  expected  threat  to  a  US  Navy  advanced  composite  aircraft  is  defined.  The  concept  of 
transfer  impedance  is  usod  to  decouple  the  interior  problem  from  the  interior.  Penetra¬ 
tion  through  joints  in  composites  is  discussed.  Upper  bounds  are  obtained  on  the  open- 
circuit  voltage,  short-circuit  current,  power,  and  energy  at  the  terminals  of  an 
unshielded  transmission  line.  Comparisons  are  made  to  typical  device  upset  and  burnout 
levels. 


1.  INTRODUCTION 

A  major  concern  with  the  increasing  use  of  composite  materials  and  low  voltage  electronics 
is  the  amount  of  electromagnetic  coupling  to  the  interior  of  an  aircraft  and  to  the  cables 
and  electronic  devices  within  it.  This  paper  describes  simple  methods  for  determining  the 
shielding  provided  by  an  aircraft's  exterior  surface  and  the  coupling  of  the  interior 
fields  to  cables  and  transmission  lines  within  aircraft  cavities.  The  results  can  be  used 
to  determine  trade-offs  between  electromagnetic  shielding,  weight,  and  cost. 

As  a  starting  point,  the  expected  threat  to  a  US  Navy  advanced  composite  aircraft  io  de¬ 
fined.  This  includes  direct  strike  and  nearby  lightning,  the  nuclear  electromagnetic 
pulse  (EMP) ,  ar.d  the  radio  frequency  (RF>  shipborne  threat. 

A  formulation  will  be  presented  for  coupling  to  the  interior  of  a  composite  shell. 
Approximations  will  be  made  which  decouple  the  interior  problem  from  the  exterior  problem 
by  the  use  of  a  surface  transfer  impedance.  The  transfer  impedance  concept  is  applicable 
to  shells  whose  local  radius  of  curvature  is  large  with  respect  to  the  wavelength  in  the 
shell  material  and  which  are  thin  with  respect  to  the  free-space  wavelength. 

The  other  exterior  surface  coupling  mechanism  which  will  be  discussed  is  penetration 
through  joints  or  seams  between  composite-composite  or  composite-metal  surfaces.  A  model 
which  describes  the  penetration  will  be  formulated  and  examples  will  be  given  which  can 
be  related  to  measurements  of  shielding  effectiveness  or  joint  admittance.  Coupling  by 
composite  joint  penetration  to  the  interior  of  a  cavity  containing  obstacles  that  might 
represent  an  avionics  bay  will  also  be  discussed. 

Given  an  estimate  of  the  interior  field  levels  caused  by  diffusion  or  joint  penetration, 
simple  expressions  will  be  presented  for  upper  bounds  on  the  open-circuit  voltage,  short- 
circuit  current,  power,  and  energy  at  the  terminals  of  a  shielded  or  unshielded  transmis¬ 
sion  line.  Examples  will  be  illustrated  for  lightning,  nuclear  EMFs,  and  radar  pulses. 
Finally,  typical  device  upset  and  burnout  levels  will  be  shown  and  comparisons  will  be 
made. 

2.  ELECTROMAGNETIC  THREAT 

A  brief  description  is  given  of  the  threats  considered  against  a  US  Navy  advanced  compo¬ 
site  aircraft.  The  threats  considered  include  nearby  and  direct  strike  lightning,  the 
nuclear  EMP,  and  the  RF  threat  to  aircraft  aboard  US  aircraft  carriers  caused  by  naviga¬ 
tion  aides,  high  frequency  (H F)  communications,  and  carrier-based  radars. 

Direct  Strike  Lightning  (LEMP) (FISHER,  F.A.,  1977) 

It  is  the  return  strike  current  which  dominates  the  overall  lightning  flash  current  wave¬ 
form,  and  which  is  often  modeled  when  effects  due  to  lightning  are  being  analyzed.  A 
double  exponential  of  the  form 

I(t)  -  I0(e"at  -  e'Bt)  (1) 

where  I0  *  206  kA,  a  *  1.7  x  10-*  s”"‘,  and  d  =  3.5  x  10B  s  ^  are  often  used  to  represent 
the  return  strike.  A  peak  amplitude  of  200  kA  translates  roughly  into  an  axial  surface 
current  density  of  200  kA/2irr  *  64  kA/m  for  an  average  aircraft  fuselage  radius  of  0.5  ra. 
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Nearby  Lightning  strike: 

The  fields  produced  by  a  lightning  strike  near  an  aircraft  can  be  approximated  by  those 
due  to  an  infinite  cylindrical  current  column  with  the  same  current  as  in  the  direct 
strike  case.  The  magnetic  field  is  given  by  H  -  l/2ur,  where  I  is  the  current  waveform 
and  r  is  the  distance  from  the  lightning  strike  to  the  aircraft.  In  particular,  if  R  * 

100  m  and  Imax  “  200  kA,  we  have  Hmax  s  320  A/m.  The  induced  surface  current  density 
would  then  be  Jj^x  “  2  *  0.64  kA/m.  This  is  two  orders  of  magnitude  smaller  than 

the  surface  current  due  to  a  direct  strike.  Generally,  the  currents  induced  by  a  nearby 
lightning  strike  can  be  expected  to  be  small  when  compared  to  the  currents  due  to  a  direct 
strike. 

Nuclear  BMP  Threat  (NEMP) : 

A  nuclear  detonation  is  accompanied  by  an  EMP ,  generally  referred  to  as  BMP  or  NEMP.  This 
EMP  should  be  distinguished  from  other  nuclear,  shorter  wavelength,  electromagnetic  radia¬ 
tion  associated  with  a  nuclear  detonation  such  as  visible  light,  X-rays,  or  gamma  rays. 

The  EMP  threat  studied  here  is  the  high  altitude  burst  threat  which  is  commonly  used  in 
the  open  litorature.  The  incident  field  is  assumed  to  be  a  plane  wave  with  an  electric 
field  waveform  given  by  a  double  exponential  function.  Analytically,  this  waveform  is 
given  by  Equation  1  with  I0  replaced  by  E0  and  we  will  use  the  following  typical  values 
for  the  parameters:  E0  -  58.15  kV/m,  a  -  6.3  s-1,  and  6  -  189  s~l.  This  waveform  has  a 
peak  value  of  50  kV/m  with  a  rise  to  peak  time  of  0.019  us  and  a  time  to  half-peak  ampli¬ 
tude  of  0.185  us«  The  H-field  is  assumed  to  be  given  by  H  ■  En/n0  where  no  ■  277  0  is 
the  impedance  of  free  space.  It  is  interesting  to  note  the  difference  between  this  threat 
and  the  double  exponential  LEMP  threat.  The  time  scale  of  the  LEMP  is  about  100  times 
that  of  the  EMP.  it  is  really  this  difference  in  time  scale  that  makes  the  two  threats 
appear  so  different  with  regard  to  threat  analysis.  This  difference  shows  up  clearly  in 
the  frequency  domain.  A  comparison  of  the  lightning  and  nuclear  spectra  show  that  the 
nuclear  EMP  waveform  hat  a  much  higher  frequency  content  than  the  LEMP  waveform.  These 
results  tend  to  verify  that  for  an  aircraft  size  target,  the  LEMP  can  be  treated  fairly 
accurately  using  low  frequency  techniques  whereas  the  EMP  threat  cannot.  For  example,  at  p 
ICO  MHz  (correspcnding  to  a  wavelength  of  *v  10  ft)  the  amplitude  of  the  EMP  is  about  10“2.J 
times  its  peak  value.  The  LEMP  amplitude  at  this  frequency  is  down  from  its  peak  by  a  fac- 
f actor  of  10-7. 

flhipborne  RF  Throats 

An  unclassified  threat  level  presented  by  McDonnell  Douglas  Corp.,  St.  Louis,  Missouri,  is 
shown  in  Figure  1.  it  shows  the  peak  values  of  the  carrier  deck  environment  expressed  in 
v/m.  Only  the  more  powerful  aircraft  carrier  transmitters  are  shown:  a  navigation  aid  at 
300  to  500  kHz ,  HF  communications  at  2  to  30  MHz,  and  radars  at  UHF  (200  and  450  MHz)  and 
microwave  frequencies  (greater  than  1  GHz).  Many  other  emitters  of  low^r  power  are  not 
known. 

Radar  and  communication  sources  are  specified  in  terms  of  their  effective  radiated  power 
(ERP' .  The  peak  ESP  is  available  on  many  emitters.  This  quantity  can  be  measured  on  non- 
cooperative  emitters  and  it  can  also  be  estimated  fairly  accurately  from  knowledge  of 
transmitter  output,  line  losses,  &nd  antenna  gain.  The  peak  ERP  represents  the  peak  power 
in  a  pulse  or  continuous  wave/amplitude  modulation  waveform  and  the  average  power  in  a 
continuous  wave/frequency  modulation  waveform.  The  average  ERP  is  calculated  by  multiply¬ 
ing  the  peak  ERP  by  the  duty  cycle  for  a  pulsed  radar.  Both  peak  and  average  ERP  are  use¬ 
ful  for  studying  electromagnetic  interferences,  with  the  peak  being  used  to  estimate  the 
voltage  spikes  induced  in  the  electronics  and  the  average  being  used  to  determine  heating 
or  burnout  levals.  ERP  has  the  units  of  power  (watts,  kilowatts,  etc.)  and  is  frequently 
expressed  in  decibels  referred  to  a  milliwatt  (dBm) ,  so  1  W  -  102  mW  ■  +30  dBm.  Typical 
pulse  widths  are  around  0.4  ys  and  pulse  repetition  frequencies  can  vary  between  10  and 
100  pps  up  to  thousands  depending  on  the  application. 

3.  Penetration  of  Electromagnetic  Waves 

through  Lossy  Shells  (HARRINGTON,  R.F.,  1980) 

Consider  the  problem  of  field  penetration  into  an  interior  region  completely  enclosed  by 
a  sheet  of  lossy  matter.  For  simplicity,  we  will  consider  the  lossy  matter  to  be  linear, 
homogeneous,  and  isotropic.  Figure  2a  illustrates  the  general  problem  to  be  considered. 

A  time-harmonic  electromagnetic  field  ,  H*  is  incident  on  a  body  defined  by  the  external 
surface  Si  and  internal  surface,  S2.  Loss  is  taken  into  account  by  letting  e  and/or  u  be 
complex.  We  next  divide  the  problem  into  three  equivalent  problems,  one  for  each  region. 
They  are  shown  in  Figures  2b,  2c,  and  2d.  The  equivalent  electric  and  magnetic  currents 
on  the  surfaces  satisfy  the  following  operator  equations: 
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J^Tll <— i#  ^l)  ‘  —2^  “  -tan  Sx 

ill’  +  ”i>  -  ^5i^2'  —2^  "  «L  sx 

“oCl2^— 1'  —1^  +  ^22^—2'  —2^  +  *^22^-2'  —2^  "  — 


-fll h(Zl'  *l>  +  ^22^2'  — 2>  +^22<i2'  £i2>  -  2 

These  equations  result  from  satisfying  boundary  conditions  on  tangential  E  and  H  at  the 
boundaries.  The  symbol  ^  denotes  an  electric-field  operator  and  )fj  denotes  a  magnetic- 
field  operator.  It  should  be  apparent  that,  in  the  notation^  x  denotes  the  consti¬ 
tutive  parameters  and  ux;  p  denotes  the  surface  Sp  on  which  the  currents  reside;  and 
q  denotes  the  surface  Sg  on  which  the  tangential  components  of  E  are  evaluated.  Similar 
notation  applies  to  the)1]*  operator  for  the  tangential  components  of  H. 

The  E*,  H*  are  continuous  across  Si,  hence  we  have  dropped  the  superscript  on  Si  in  the 
right-hand  terms  of  the  first  two  equations.  The  operators,^  and fl)  are  known,  But  compli¬ 
cated.  Equations  2  are  general  in  that  they  apply  to  any  shell  of  linear,  homogeneous, 
and  isotropic  matter.  It  should  be  pointed  out  that  there  are  other  surface  formulations 
for  the  problem  (HARRINGTON,  R.F.,  1961)  equivalent  to  the  one  we  have  discussed. 

Thin  Highly  Conducting  Shells: 

Composite  materials  such  as  graphite/epoxy  have  a  high  conductivity  (a  -  1 0 4 )  and  are  used 
extensively  in  military  aircraft  construction.  We  have  considered  some  approximate  formu¬ 
lations  for  thin  highly  conducting  shells. 

For  very  low  frequencies,  that  is,  when  the  wavelength  in  the  shell  is  large  compared  to 
shell  thickness  d,  we  aan  use  an  impedance  sheet  approximation.  In  this  case,  the  prob¬ 
lem  reduaes  to  that  of  a  loaded  body,  for  which  the  operator  equation  is  (HARRINGTON,  ' 
R.F.,  and  MAUTZ,  J.R.,  1975) 


^  *  <3^  ■  i1-  « 


Here  we  have  considered  Si  and  Sj  to  be  approximately  the  same  surface  S,  supporting  an 
electric  current  J.  The  load  impedance  for  this  case  is^L  s  l/obd.  Since  the  shell  is 
highly  conducting,  this  solution  is  valid  only  at  very  low  frequencies. 

For  higher  frequencies  we  can  consider  region  "b"  to  support  traveling  waves  and  a 
transmission  line  model.  Consider  a  section  of  the  shell  between  surfaces  Si  and  $2, 

assumed  to  be  locally  plane.  The  intrinsic  impedance  of  the  shell,  nb  “ V ju)y/ab  is  nor¬ 
mally  much  smaller  in  magnitude  than  ria  and  He  (usually  free  space) .  Hence,  region  "a" 
sees  almost  a  short  circuit  at  Si,  and  region  "b"  sees  almost  an  open  circuit  at  Sj* 
Thus,  in  region  "b" ,  we  have 


Ht  - 


sinhy^ (d-z) 


Et  "  nbJl 


cosh  Yb(d-z) 


Binit  y. 


where  yb  is  the  intrinsic  propagation  constant  in  the  shell,  yfa  “V  jwyab,  and  z  is  the 
distance  from  S.^  in  region  "b".  The  impedance  seen  at  is 

E,  fr—r  ®8  d+0 

1l‘  h;  “  nb  00th  V  "  l  b  (f 

z-o  lnb  as 


nb  coth  yfad 


as  d-+» 


The  interior  fields  are  found  by  considering  the  boundary  conditions  at  z  ■  d.  An 
approximate  solution  for  Mi  is  not  needed  for  the  internal  problem.  The  Mi  ensures  that 
the  wave  in  the  equivalenE  problem  of  Figure  2c  travels  only  inward;  i.e.,  there  is  zero 
field  external  to  region  "b".  Setting  z  -  d  in  Equation  4,  and  using  approximate  equali¬ 
ties  because  we  have  used  the  approximation  that  region  "b"  sees  an  open  circuit  at  S_, 
we  have 

n  x  Hb  -  J2  z  0 


Eb  x  n 


n  x  Jj 


-zst  a  x  h 


where  the  surface  transfer  impedance  Zgt  will  be  discussed  in  section  4. 


(6) 
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For  a  better  approximation  to  £2  we  oould  uae  the  wave  Impedance  looking  into  region  "o' 
to  relate  £2  to  M2.  For  this, “we  oould  uae  M2  aa  known  in  the  third  equation  of  Equa- 

tiona  2  with “  0  to  determine  £2<  Alternatively,  we  could  uae  Mj  aa  known  in  the 
fourth  equation  of  Equationa  2  with  |)J2  ■  0  to  determine  £2<  If  neceaaary,  we  could 

alao  taka  £^  and  Mi  aa  known  quantitiea  in  either  of  theae  two  equationa.  For  a  oruder, 
but  aaaier,  approximation  we  could  aaaume  plane  wavea  at  S2  in  region  HcM  and  obtain 

z.t  l 

£,  a  -£-=  (7) 

Since  l/nc  <<  1  uaually,  £2  ia  amall  compared  to  M2,  but  not  zero  aa  implied  by  the  firat 
of  Equationa  5. 

4.  RELATIONSHIP  OF  MATERIAL  PROPERTIES  AND 
TRANSFER  IMPEDANCE  TO  ELECTROMAGNETIC 
SHIELDING 


The  electromagnetic  protection  offered  by  a  shield  is  generally  specified  in  terma  of  the 
electric  and  magnetic  shielding  effectiveness  (ESE  and  MSB)  of  the  shield,  whiah  is  de¬ 
fined  by 

MSE  -  20  logw|MSR_1| 

where  ( 8 ) 

MM-1  .  ^INCIDENT 

"internal 


and 


where 


ESE 


20  log10|ESR_1| 


(9) 


E8R-1  -  ^INCIDENT 

“internal 


The  quotienta  of  the  interior  and  incident  l'ielda  are  referred  to  as  the  magnetic  and 
electria  shielding  ratios. 


The  baaia  problem  with  such  shielding  specification  is  one  of  uniqueness.  In  general,  tha 
interior  fields  are  not  specially  uniform  even  when  the  incident  fields  are.  There  are 
aertain  geometries  for  which  a  specially  uniform  incident  field  will  produce  a  uniform  in¬ 
terior  field.  These  geometries  include  electrically  small  spherical  and  cylindrical 
shells  as  well  as  two  parallel  slabs.  For  these  oases,  the  shielding  effectiveness  de¬ 
finitions  are  unique. 


Shield  Effectiveness  for  a  Uniform 
Magnetic  Field  1 


For  a  uniform  magnetic  field,  the  magnetia  shielding  effectiveness  is  a  function  of  the 
shield  material  parameters  (a,  u>  e,  d) ,  the  frequency  of  the  impinging  wave,  and  the 
shield  geometry.  The  shielding  effectiveness  formula  for  single  flat  plate  shielding  is 
given  by  (LEE,  K.S.H.  and  BEDROSIAN ,  G. ,  1976) 


MSR"1  -  cosh (yd)  +  ZQ/2n  sinh(yd)  (10) 

and  for  the  enclosure  geometries  mentioned  above  at  low  frequencies  by 

MSR"1  -  cosh (yd)  +  (V/S) ysinh (yd)  (11) 


where  y  -  tjupo]1^2,  n  ■  (j wy/o]1//2,  Z0  ■  V^gAo  “  377,  d  is  the  shield  thickness,  and  V/S 
denotes  the  volume- to-surf ace  ratio  for  tha  geomotries  of  Figure  3.  Figure  3  illustrates 
the  low  frequency  magnetic  shielding  effectiveness  available  for  aluminum,  titanium,  and 
mixed-orientation  graphite/epoxy  composite  enclosures  with  V/S  -  1  and  a  shield  thickness 
of  0.00107  m  (corresponding  to  8-ply  composite  material  at  0.00525  in/ply  thickness).  It 
should  be  stressed  that  these  shielding  results  are  valid  for  the  enclosures  described 
only  when  the  incident  field  is  a  uniform  magnetic  field.  Similar  formulas  have  been  de¬ 
rived  for  the  magnetic  shielding  effectiveness  of  an  infinite  flat  plate  with  an  incident 
nonuniform  magnetic  field  generated  by  a  nearby  loop  antenna  (DIKE,  G. ,  1979) . 

Electric  Shielding  1 


For  enclosures  of  the  type  previously  mentioned,  the  inverse  electric  shielding  ratio  is 
(KADEN,  H.,  1959),  where  XQ  is  the  wavelength  in  free  apace* 


ESR 


■1  _  y  slnh(yd) 

/  A  -  /  \  \  /«#  /< 


<4ir/lo)‘(V/S) 


(12) 
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Figure  4  illustrate*  the  typical  form  of  tha  frequency  dependence  of  electric  shielding 
effectiveness  for  an  8-ply  mixed-orientation  graphite/epoxy  enclosure  and  similar  aluminum 
enclosure  of  tha  same  thickness. 

For  fixed  frequency,  conductivity,  and  shield  thickness,  the  eleotrio  shielding  effective¬ 
ness  decreases  with  increasing  volume-to-surface  ratio.  This  is  in  contrast  to  the  magne¬ 
tic  shielding  effectiveness  which  increases  with  increasing  volume-to-surfaoe  ratio. 

Electromagnetic  Relationships  Between 
Shielding  Effectiveness  and  Transfer 
impedance  > 

The  difficulty  with  expressions  for  eleotrio  and  magnetia  shielding  effectiveness  is  the 
strong  dependence  of  the  shielding  effectiveness  un  the  nature  of  the  incident  field  and 
on  tha  geometry  of  the  shield  (i.e.,  they  must  be  used  for  those  basic  geometries  for 
which  they  warn  derived) .  similarly,  the  extensive  laboratory  measurements  of  eleotrio 
and  magnetic  shielding  effectiveness  that  have  been  made  over  tha  spectrum  of  composite 
materials  of  current  interest  are  valid  only  for  the  geometry  of  the  teat  fixture.  It  is 
difficult  to  extend  the  test  results  to  more  complicated  geometries. 

For  shields  whose  local  radius  of  aurvature  is  large  with  respect  to  the  wavelength  in  the 
shell,  a  measurement  of  the  degree  of  electromagnetic  protection  offered  by  the  shield, 
independent  of  geometry  and  incident  field  type,  is  the  surface  transfer  impedance  of  tha 
shield  material.  This  impudence  is  defined  to  be  the  ratio  of  the  interior  tangential 
eleotrio  field  to  the  surface  current  density  which  would  exist  on  tha  exterior  shell  sur¬ 
face  if  it  were  a  perfect  conductor,  The  surface  transfer  impedance,  of  a  homogene¬ 

ous  conducting  shield  (including  mixed-orientation  graphita/epoxy  composites)  is  deter¬ 
mined  by  the  material  conductivity  and  thiakness,  and  the  frequency  of  the  inaident  field. 

Figure  S  illustrates  the  dependence  of  the  surface  transfer  impedance  on  the  material 
thloknnss  and  material  conductivity,  respectively,  as  a  function  of  frequency.  The  low 
frequency  asymptote  to  the  surface  transfer  impedance  is  z  ■  1/ad. 

For  homogeneous  conducting  shields  with  a  geometry  of  the  types  discussed  above  under  a 
uniform  magentia  field,  the  surface  transfer  impedance  aan  be  related  to  the  magnetic 
shielding  effectiveness  as  (DIKE,  0.,  1979) 

MSE  «  20  log10|Z/Zut|  (13) 

over  a  frequency  interval  dependant  upon  the  shield  geometry,  conductivity,  and  thickness 
where  Z  -  (V/S) jup  for  a  cylindrical,  spherical,  or  parallel  plate  enclosure  with  volume- 
to-surface  ratio  (V/s)  under  a  uniform  magnetic  field. 

Similarly,  for  a  homogeneous  conducting  enclosure  of  the  type  discussed  above,  the  elec¬ 
tric  shielding  effectiveness  can  be  related  bo  the  surface  transfer  impedance  as 

ESE  >  20  log10|z'/Z#t|  (14) 

over  a  frequency  interval  dependent  upon  the  shield  geometry,  conductivity,  and  thickness, 
where  Z'  -  j  [8ttef  (V/s)  ]  “1. 

These  relationships  provide  a  moans  for  extending  the  application  of  laboratory  measure¬ 
ments  of  the  magnetic  shielding  effectiveness  of  a  homogeneous  conducting  material  to 
locally  planar  homogeneous  conducting  shields,  in  general,  through  the  concept  of  surfaoe 
transfer  impedance.  Conversely,  laboratory  meaauramants  of  the  surfaoe  transfer  impedance 
of  a  homogeneous  conducting  shield  of  arbitrary  locally  planar  geometry  can  be  used  to 
determine  the  associated  magnetic  shielding  effectiveness  for  shields  of  the  baaio  geome¬ 
tries  and  associated  incident  field  types  discussed.  These  relationships  are  valid  over 
a  froquerioy  interval  dependent  on  the  shield  geometry,  conductivity,  and  thickness. 

An  immediate  corollary  to  the  relationship  MSE  ■  20  log^Q | Z/Z>t | ,  valid  for  the  frequency 
intervals  over  which  the  relationships  hold,  is  as  follows i 


For  two  shields  of  tha  same  geometry  with  conductivities  and 
shield  thiakness  (a^,  d,),  respectively,  with  i  ■  1,  2,  tha 
difference  in  the  magnetic  shielding  af factivsnsss  offered  by 
the  shields  la 


MSE (c^ ,  d1)  -  MSE ( a j ,  dj) 


2°  log10 


Z.t(52' 


(15) 


This  corollary  also  holds  for  ESE.  This  rslationship  provides  a  "back-of-tha-snvelopa 
solution  to  the  gain  or  loss  in  magnetic  shielding  effectiveness  whan  conducting  films 
are  added  to  shields  or  when  different  materials  are  used  for  tho  shield. 
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S.  JOINT  COUPLING 
Definition  of  Joint  Admittance « 

Skin  current*  flowing  aero**  a  joint  in  the  aircraft  akin  induce  electric  field*  in  the 
aircraft  interior.  The**  field*  in  turn  induaa  transient*  on  inferior  wiring.  The  maxi¬ 
mum  voltage  which  can  be  induced  on  an  interior  wire  ia  the  voltage  drop  aero**  the  joint, 
namely.  V-t  ■  J/Yj.  where  J  ia  th*  aurfac*  currant  density  at  the  joint  and  Y.  i*  th*  joint 
admittance  par  unit  length.  3 

Nell-formed  joint*  in  shield  material  (thoaa  of  uniform  construction  and  good  electrical 
contact  and  without  crack*  or  aperture*}  aan  be  described  in  term*  of  a  distributed  joint 
transfer  admittance  per  unit  of  joint  length.  The  exterior  surface  current  density  flow¬ 
ing  across  th*  joint  produces  a  voltage  v-t  across  the  joint  on  the  inside.  For  a  linear 
joint  contact  impedance,  th*  interior  joint  voltage  is  proportional  to  exterior  surface 
current  and  inversely  proportional  to  joint  width.  A  typical  joint  construction  is  shown 
in  Figdr*  6.  Corresponding  measured  joint  admittances  are  in  Figures  7a  and  7b. 

Joint  Modal i 

Harrington  (HARRINGTON.  R.F.  and  AUCKLAND.  D.T. .  1979)  defines  the  joint  admittance  in  a 
similar  aunnar  but  identifies  it  as  .a  transfer  admittance.  For  the  simple  butt  joint  of 
width  N  and  depth  d.  ‘  ran  Mission  line  theory  and  circuit  theory  applied  to  th*  equivalent 
circuit  yield 

■  (V*  +  Y°)  cosh  Ybd  -  (Y0  +  sinh  Yfad  (16) 

Hare  Y*  is  the  aperture  admittance  of  a  thin  slot  opening  into  half  space  region  "a". 

It  ia  given  by  th*  aquation 


I 


ki 


lif  -  2j  In  (Ck^W) ) 


(17) 


where  ru.  X*.  k c  are  the  impedance,  wavelength,  and  wave  number  in  region  "a",  and  C  is  a 
constant  (c  -  0.2226).  The  Y°  term  has  th*  same  form,  but  the  a's  are  replaced  by  a‘@, 

The  term  Y0  -  1/J*nb  is  the  characteristic  admittance  of  a  parallel-plat*  transmission  line. 

Yb  "  and  nb  * •  1*  Ybd  *  Equation  16  becomes  in- 

'  shewn  over  low  frequencies  in  Figure  7a  for 


For  a  hi 
dependen 
th*  joint  shown 


lossy  slot. 
oi  frequency 
in 


Figure  6. 


(b  “  VjwMC  end  nb 
This  is  the  behavic 


The  power  transmitted  through  the  aperture  is  equal  to  the  power  dissipated  in  Y°  of  the 
equivalent  circuit!  that  is. 

,i  2 


‘12 


R,(Y°) 


(18) 


where  1*  -  2H  for  the  simple  butt  joint. 


6.  COUPLING  OF  ELECTROMAGNETIC  FIELDS  TO 
TRANSMISSION  LINES  (HURT.  B.C..  1979) 

An  isolated  two-wire  transmission  line  is  illuminated  by  a  uniform  electromagnetic  field. 
The  line  lies  in  the  x-s  plane,  parallel  to  the  s-axia  with  terminations  parallel  to  th* 
x-axis  und  is  of  length  L.  The  incident  field  propagates  in  th*  x-directlon  with  the 
E-field  parallel  to  the  line  for  maximum  coupling.  The  open-circuit  voltage  and  short- 
circuit  aurrent  as  a  function  of  time  can  bs  written  as 


voo(t>  “  VU  + 


l 


n«l 


rn  (i 


2n 


"  I2n-1> 


2.1 


■  V11  *  J,  *  t,n) 


where 


(n+l)T 

In(t)  -  v  f 

•lriT 


o 


EQ(t  -  r)dr 


(19a) 


(19b) 


(19c) 


where  v  is  the  velocity  of  propagation  on  the  line.  K„(t)  is  the  amplitude  of  the  incident 
field.  T0  -  L/v  and  T  is  the  voltage  reflection  coefficient  on  th*  terminated  end  of  the 
lina.  Each  of  th*  terms  in  these  expressionn  oan  be  interpreted  a*  a  (multiple)  reflec¬ 
tion  of  an  excitation  arising  from  the  incident  field  at  some  pant  time. 

Similar  expressions  can  be  derived  where  the  field  f  a  incident  on  only  a  portion  of  the 
line.  This  allows  one  to  approximate  the  case  of  a  nonuni  form  field  due  to  coupling 


/i/i'.V'i'MMu 
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through  a  joint  between  oompoaita  material.  In  particular,  if  wa  aaauma  aa  bafore  that 
tha  inoidant  fiald  ia  parallal  to  tha  lina,  with  no  a-dependence,  and  only  af facta  tha 
lina  batwaan  a^  and  #2,  0  <  <  L,  than 


voo“>  -  lS<‘>  *  ^  <*L  -  I2n-1* 

*  I!,*,) 


where 


[5n<l)  '  *  / 


2nT^  +  t, 
^  O  2 


EQ  (t  -  t)dt 


2nT_  +  t, 
o  1 


2nT0  +  fex 


I2n-l<t)  “  v 


EQ(t  -  T)dT 


2n*0  -  t2 


Uaing  tha  exproaaiona  for  voa(t)  and  l_a(t)  aa  givan  in  liquation  19  (or  20)  varioua  uppar 
boundu  can  b#  found  for  tha  open-circuit  voltage  and  abort-circuit  currant.  Thu  accuracy 
of  thaaa  aatimataa  dapanda  on  tha  form  of  tha  inoidant  fiald.  If  a  particular  inoidant 
fiald  ia  aaaumad,  than  battar  aatimataa  can  ba  mad#. 

Wa  aan  aum  Equation  19  if  wa  aaauma  In(t)  ia  poaitiva  for  aaoh  n  and  dafin#  r,v  *  max 
I_(t)  to  giva  n  max  t 


lvocP#akl  i  W(1  “  lrl> 

and  (21) 

IVaoP#*kl  i  1max(1  +  lrl>/U  “  IN) 

Imtx  can  bu  computed  for  a  givan  inoidant  fiald  or  aatimatad  by  <,  h  E^mjix,  whara  BiM4K 

■  max  (t) . 
t  ° 

For  an  inoidant  fiald  with  a  vary  rapid  rlaa  and  daoay  auoh  aa  a  nuclaar  BMP,  tha  paak 
voltaga  and  currant  will  occur  shortly  aftar  tha  oommanaamant  of  tha  inoidant  fiald.  If 
tha  rise  tima  to  paak  for  the  fiald  ia  uomparabla  to  tha  langth  of  tha  lina  than  only  tha 
firat  aavural  tarmu  of  Equation  19  will  ba  nonaaro  at  tha  tima  tha  paak  oooura.  There¬ 
fore  , 

|y  I  <  I  (l  +  I r I ) 

1 '  -  max'  1  1 ' 

and  (22) 

|S  i  P*al<|  <  i  (l  +  Il’M 
'Vac  1  -  max'  1  1 

If  a  roaiatanca  R  ia  plaoad  aaroaa  the  terminal#  of  our  tranamiaaion  lina  modal,  than  tha 
delivered  inatantanaoua  power,  P(t),  can  be  bounded  in  three  wayai 

P(t)  <  V*c (t)/R  (23) 

P(t)  <  X,  (t)  R  (24) 


p(t)  <  v0C!(t)  i>0(t) 


It  can  aaaily  bean  aaan  that  Equation  23  will  giva  tha  bast  aatimata  if  R  >  Voc(t)/I«0(t) 
and  Equation  24  will  be  boat  if  R  <  VQC (t)/IB„ (t) .  If  R  -  vQ0(t)/l  (t),  than  all  three 
bound#  are  equal.  If  no  apaoific  value  of  R  la  known,  than  Equation  29  ahould  ba  uaad. 

Uaing  Equation  25,  together  with  our  previoua  aatimataa  for  V  ?*alt  and  I  wa  have 


T  * 

ppauk  <  v  paak  T  paak  <  max 


(i  +  I  r  | ) 


ao  U  -  I  r  I ) 


An  upper  bound  for  the  maximum  energy  which  tha  incident  field  can  deliver  to  tha  line 
can  bo  obtained  aa 


20  a  -  |r| r 

j  2 

where  1 1 IS  ||  is  ths  L  norm  of  the  inaident  electric  field. 

For  an  incident  field  of  the  double  exponential  form  given  in  Equation  1,  the  calculations 
involved  in  evaluating  Equation  19  for  the  open-circuit  voltage  and  short-circuit  current 
can  be  carried  out  exactly  for  any  given  value  of  t.  Unfortunately ,  because  only  a  finite 
number  of  terms  in  these  scries  are  nonzero  and  this  number  ohanges  with  time,  simple 
closed  form  expressions  for  VQQ(t)  and  lao(t)  do  not  result.  However,  the  resultant  ex¬ 
pressions  can  be  incorporated  into  a  computer  program  to  efficiently  calculate  these 
quantities.  In  order  to  check  the  validity  of  the  expressions  given  in  Equation  19  and 
also  check  the  accuracy  of  the  estimates,  comparisons  were  made  with  results  obtained  by 
a  much  morn  detailed  analysis.  In  particular,  in  (FORCE,  R. t  et  al.,  1977),  an  nlaborata 
computer  simulation  is  described.  This  simulation  uses  s  wire  grid  model  of  sn  F-18  to 
predict  through  a  moment  method  code  the  fields' inoidsnt  on  internal  wires.  Ths  open-cir¬ 
cuit  voltage  and  short-circuit  current  are  then  calculated,  Comparisons  were  performed  to 
chock  against  thin  reference.  Close  agreement  was  obtainsd  in  sll  oases  checked. 

7.  CIRCUIT  DAMAGE  AND  SUSCEPTIBILITY 

Wunuoh  Model  for  Sumi conductor  Vulnerability! 

Ths  model  used  to  predict  device  burnout  sa  a  function  of  slectromagnetic  pulsawidth  is 
the  Wunsuh  modal,  given  by 

P  “  K  Ttt“1//S  (?8) 

V  is  the  power  required  for  junction  failure,  K  in  the  damage  constant  determined  by  junc¬ 
tion  properties  and  geometry,  and  Tu  is  the  square  pulse  time  to  failure, 

Thin  Is  en  experimentally  derived  relationship.  At  pulse  durations  in  excess  of  about 
10  pu,  the  amount  of  powux'  required  for  damage  in  wet  by  the  rate  at  which  heat  can  be 
conducted  away  from  the  hot  spot. 

Integrated  Circuit  Susceptibility i 

Corns  information  has  been  gathered  by  McDonnell  Douglas  in  ths  susoeptilibity  of  indivi¬ 
dual  integrated  circuits  over  the  froqvisncy  ruyhm  from  300  MHz  to  10  GHz  (ROE,  J.M., 

1978',  The  sample  curves  shown  rwprcinant.  only  a  small  portion  of  tne  data  available  from 
the  otNutou  dooumontn.  The  data  in  Figure*  D*  shows  that  the  moat:  sansitiva  davices  are 
operational  amplifiers,  followed  by  multi-pin  regulators  and  TTL  davices,  Ths  worst-csss 
susceptibility ,  in  teriiw  of  nhnorbed  power  to  cause  a  minimal  inter f arenas,  covers  s  range 

of  almost  three  orders  of  magnitude.  The  three-pin  regulator  and  the  CMOS  oirouitry  are 

Use  susceptible  than  the  TTL  and  multi-pin  regulator, 

In  the  experiments  and  analyses  performed,  the  uhlelded  cabling  presented  a  worst-case 
aperture  of  «  half-wave  dipolu  (0,1.11**),  wo  that  the  power  absorbed  by  the  cabling,  P, 
without  aomjidsring  losses  cun  be  related  to  the  incident  power  density,  P.,  at  the  cabl¬ 
ing  by  u 

P  «  0,1312Pd  (39) 

where  \  i«  the  wavelength  of  operation,  Using  this  relationship  with  the  curve*  shown  in 
Figure  8a  (W.TbMAMN,  L, .  DAJRRETT ,  j,,  1980)  the  worst;- case  power  density  susceptibility 
shown  in  Pigu.ro  8b  wau  obtained.  Those  curves  exhibit  a  very  wide  rnnge  of  power  density 
susceptibility  over  the  frequently  rsnye,  Using  the»«  curves  with  the  environmental  RF 
threat  provides  a  means  for  sasassing  ths  increased  shielding  required.  As  an  example, 
the  power  density  at  a  range  of  .1.  nmi  from  a  10  kW  transmitter  with  a  40  dB  gain  antenna 
is  shown  in  dotted  linos  across  the  top  of  Figuro  8b.  At  the  220  MHz  end  of  the  spectrum, 
over  60  dB  incroasmu  in  shielding  might,  bn  required.  Even  an  inuroaoe  in  dietanoo  from 
the  tmhonua  to  10  nmi  would  only  reduce  the  requirements  to  40  dB  mors  shielding.  The  re¬ 
quirement  Is  considerably  lean  at  the  higher  frequencies  due  to  the  inverse  frequency 
square  properties  of  the  dipole  absorption  apurtures. 

Integrated  circuit  Damage t 

Ths  preceding  information  pertains  to  interference  susceptibility  which  goou  away  when 
ths  interfering  source  is  removed.  However,  permanent  damage  results  at  uoins  lsvel  higher 
than  ths  interference  levsl.  Depending  upon  the  effect  on  performance,  it  would  bs  clas¬ 
sified  ao  degradation  or  catastrophic  f«i,lure.  The  failure  mechansim  i*  due  to  the  in¬ 
crease  in  temperature  caused  by  the  absorption  of  power  (energy)  reaching  a  damaging  level 
in  the  silicon  junctions,  the  metal; Ization  stripes,  or  the  bond  wire*.  The  thermal  dissi¬ 
pation  time  constant  of  ths  devices  iu  such  that  pulse  durations  in  excess  of  30  us  has 
the  same  effect  as  CW  signals.  At  pulse  duration*  in  excess  of  30  ps,  the  peak  power 
times  pulss  duration  times  pulse  repetition  frequency  product  (i.u.,  the  energy  absorbed) 
is  the  critical  issue  since  the  effect  is  thermal  destruction.  The  data  shows  that  a  mini¬ 
mum  of  0.5  W  of  absorbed  power  is  required  to  cauuo  burnout.  Using  the  half-wave  dipole 
aperture  absorption  model,  the  CW  power  density  for  burnout  ranges  from  0,43  W/m2 
(0.043  mW/cm2)  at  100  MHz  to  4273  M/m2  (0.43  W/om2)  at  5.6  (JHz. 
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The  failure  machaniam  dua  to  tha  EMP  ganarated  by  nuolaar  blaata  ia  reported  to  be  domi¬ 
nantly  due  to  semiconductor  junction  failure.  For  Integrated  circuit!,  a  model  parallel¬ 
ling  that  for  the  aemioonduotora  waa  empirically  generated.  This  model  ia  P  >  X  T“B.  The 
data  found  experimentally  by  MaDonnell  Douglas  for  microwave  power  absorption  shows  a 
value  for  B  of  O.S.  The  range  of  Wunach  constants  for  various  devices  has  been  published 
in  many  sources.  Typical  values  are  in  the  range  from  0,01  to  50  W^e1'2  for  transistors 
and  0.0002  to  20  W*aV2  tot  diodes.  Integrated  oircuits  lie  in  the  range  from  0.0005  to 
0.2  W'S*/". 

8.  EQUIVALENT  SQUARE-WAVE  POWER  PULSES 
(BURT,  E.C.,  1979) 

The  Wunsch  damage  constant  for  semiconductor  junction  devices  used  in  estimating  the  vul¬ 
nerability  of  electronic  deviaea  burnout  is  obtained  under  the  assumption  of  a  square- 
wave  power  pulse.  In  order  to  use  the  Wunsch  damage  constant  for  other  power  pulses,  it 
is  useful  to  relate  a  given  waveform  to  a  rectangular  pulse  with  the  same  peak  amplitude 
which  produces  the  same  or  greater  device  damage.  For  a  general  power  waveform,  P(t), 
whose  peak  amplitude  is  Pp,  we  aan  define  an  equivalent  square-wave  pulse  whiah  has  the 
same  energy  content  as  P(t).  We  denote  the  duration  of  this  energy  equivalent  pulso  by 
Ty.  This  energy  equivalent  time  may  be  used  in  X  »  p0Tai/2  to  calculate  the  smallest 
allowable  Wunsch  damage  constant  a  device  can  have  and  still  withstand  burnout  when  sub¬ 
jected  to  a  power  pulse  P(t), 

Lightning  or  nuclear  EMP  threats  may  be  described  by  a  simple  exponential  whiah  describes 
the  threat  for  large  time,  and  in  fact  is  an  upper  bound  for  the  double  exponential  wave¬ 
form  for  all  t.  For  this  case,  T„  »  l/2a.  Applying  this  result,  it  is  possible  tc  bound 
the  energy  delivered  to  a  do vice  due  to  coupling  to  a  transmission  line.  In  particular, 

‘  i  V00P**'t  I./"*  T.  (30) 


9.  EXAMPLES 

The  aoncepts  and  formulas  of  the  previous  sections  have  been  applied  to  determine  :he 
threat  to  circuits  terminating  transmission  lines  within  composite  aircraft.  Comparisons 
are  shown  for  aluminum  and  graphite/epoxy  coverings. 


The,  parameters  used  to  develop  the  curves  of  Figures  9  and  10  were  as  follows.  For  dif¬ 
fusion  coupling,  graphite/epoxy  was  assumed  to  have  a  conductivity  of  o  •*  10*  mhos/m,  the 
composite  thickness  was  taken  as  0.0025  m  or  approximately  19  plies.  Threat  parameters 
were  taken  as  described  in  Section  2.  The  characteristic  impedance*  zp  of  the  transmission 
lino  was  taken  as  100  ohms  with  | r |  -  0.54,  The  integral  Im«x  was  taken  as  L  Etm,y . 

Upper  bounds  on  voa,  I-Q,  P(t)  were  computed  as  a  function  of  effective  length  L  of  ex¬ 
posed  line. 

The  mininum  allowable  Wunsch  constant  of  devices  that  will  surviva  these  threats  was  also 
plotted.  The  oquivalent  square  pulse  length  for  the  shipborne  radar  threat  was  taken  aa 
400  us  with  an  amplitude  of  400  V/m.  The  results  of  Figures  9  and  10  may  be  compared  with 
device  susceptibility  date  to  determine  the  amount  of  shielding  that  muat  be  provided  by 
aoating  the  graphite/epoxy  skin  with  a  metallic  coating  or  by  shielding  the  transmission 
lines.  The  upper  bounds  for  direct  strike  and  near  miss  lightning  coupled  through  alumi¬ 
num  are  included  as  a  reference. 

Below  100  MHz  tha  joint  admittance  was  taken  as  constant  at  15  mhos/m.  Upper  bounds  on 
the  parameters  of  interest  sre  tsbulatsd  bslow  for  fraquenoies  below  100  MHz. 


Voc 

(V) 

rsc 

(A) 

Power 

(W) 

Wunsch  Constant 
(W*o1/2) 

Direct  Strike  Lightning 

9.5  X  103 

150 

1.4  x  IQ6 

0.76  x  104 

Near  by  Lightning (20  m) 

460 

7.1 

3.2  x  103 

18 

HEMP 

27.7 

0.2 

7.37 

0.0029 

Shipboard  RF 

0.306 

0.0047 

1.44  x  10"3 

0.000028 

Above  2  GHz,  the  results  vary  with  frequency  as  the  joint  admittance  changes  as  shown  in 
Figure  7b,  Upper  bounds  in  the  parameters  are  shown  in  Figure  11  for  the  shipboard  threat, 
take  as  4000  V/m.  Results  for  the  power  coupled  to  the  transmission  line  termination 
using  Equations  18  and  29  are  included  aa  is  the  minimum  Wunech  constant  of  devices  that 
will  survive  this  threat.  The  power  curves  of  Figure  11  can  be  overlaid  on  the  ourvea  of 
Figure  8a  to  compare  the  threat  at  the  cable  termination  to  the  integrated  circuit  sus¬ 
ceptibility  power  level. 
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APPENDIX  A 


Soma  additional  data  on  shielding  and  tha  poaaibla  trade-offs  vhan 
coatings  ara  us ad  on  composites  ia  shown  in  Figuraa  A-l  through  A-5.  A  br salt- 
down  of  burnout  constants  for  various  kinds  of  dsvlcas  is  providad  In  Figura  A-l 
(Widmann,  1980).  Figura  A-2  lllustratas  tha  gain  in  magnetic  shlaldlng  effective¬ 
ness  ovsr  graphlta/apoxy  vhan  coatad  with  diffarsnt  matarlals.  Tha  saparation 
batwaan  tha  curvas  would  remain  tha  sama  varsus  frequency  if  plottad  for  elec- 
tric  shialding  aff activanass  although  the  shape  of  tha  curves  would  changa. 

Figura  A-3  shows  bar  graphs  of  tha  improvement  protective  coatings 
provide  relative  to  8-ply  gtaphite/epoxy  as  measured  by  tha  low  frequency 
approximation  to  tha  ratio  of  transfer  impedances.  Tha  bar  graphs  show  the 
variation  with  coating  thickness  and  material. 

Figura  A-4  demonstrates  tha  figura  of  merit  based  on  weight  dsnisty 
and  transfer  Impedance  for  4  mils  of  coating  on  8-ply  graphlta/apoxy.  The  fig¬ 
ure  of  marlt  is  simply  tha  shielding  improvement  as  measured  by  tha  ratio  of 
tha  transfer  impedances  of  tha  coatad  and  uncoated  matarlals  divided  by  the 
weight  density  of  tha  coatings. 

Finally i  Figure  A-S  presents  bar  graphs  of  coating  thickness  and  the 
weight  penalty  for  coating  with  a  sufficient  thickness  of  material  to  make  the 
equivalent  transfer  impedance  of  coated  material  equal  to  -60  dB  if  100  square 

i 

feet  of  surface  is  coated. 
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DISCUSSIONS 
SESSION  I 


REFERENCE  MO  07  PAPER  1/3 
DI3CU330R*  3  NAME  -  II  ROGERS 
AUTHOR'S  NAME  -  T  SHARPIES 

COMMENT i  So  you  aaa  any  applications  for  highar  tamparatura  rasina,  for  axampla  the  polymidaa,  in  tha 
futura  atruoturas  you  will  ba  building)  applications  auoh  aa  highar  tamparatura  duoting  ato. 

AUTHOR'S  REPLY!  Wa  ahall  ba  intarastad  in  any  modifiad  or  naw  ayatam  whioh  oould  giva  ooat  or  vaight 
banaflta.  At  tha  momant  wa  ara  looking  for  a  laaa  moiatura  aanaitiva  matarial  and  ona  whioh  haa  a 
aimplifiad  aura  oyola.  Polymidaa  ara  not  yat  figuring  atrongly  in  our  plana  for  tha  naar  futura,  but 
wa  ahall  ba  kaaping  an  intaraat  at  laboratory  laval. 

COMMENT  ON  HSPLYi  I  would  not  wiah  to  add  anything  to  your  axoallant  raply)  axoapt  to  nota  that  thara 
may  bn  in  tha  futura  araaa  whara  apoxiaa  oan  not  ba  uaad. 

REFERENCE  NO  OP  PAPER  1/3 
SI33JSS0R'  S  NAME  -  P  P  LITTLE 
AUTHOR'S  NAME  -  T  SHARFLSS 

OONMENTi  Lightning  attaohmanta  to  natal  oonduotora  outaida  a  CFO  akin  whioh  panatrataa  tha  akin  to  an 
aluminium  honayoomb  banaath  will  allow  ourranta  to  flow  in  tha  honayoomb  rathar  than  tha  akin.  Thia 
oould  bo  dangaroua  if  tha  matarial  ia  amployad  in  poaitiona  whara  tha  high  currant  oomponant  of  tha 
lightniug  atroko  oan  flow.  Tha  riak  dapanda  on  datail  daaign  and  tha  positioning  of  tha  oomponant,  and 
tha  dagraa  of  riak  ahould  ba  oonai da rad  at  an  aarly  atago  in  tha  atruotural  daaign  phaaa.  Ona  aa fa 
way  alwaya  would  ba  to  roplaoa  tha  oonduoting  honayoomb  by  nomax  or  othar  inaulating  matarial,  but  thia 
may  not  ba  naoaerary* 


AUTHOR'S  REPLY!  Wa  at  BAa  havr  not  aaan  any  avidanoa  whioh  ahowa  that  damago  from  lightning  atrlkaa 
ia  unaooaptabla.  Bvidanoa  oan  ba  aaan  at  "Aaroapatiala"  ahowa  tha  damago  to  ba  minimal. 

Eaoh  oomponant  ahould  ba  traatad  on  ita  morita,  taking  into  aooount  tha  probability  of  auataining  a 
lightning  atxdka)  for  axampla  a  tailaron  may  ba  protaotod  by  a  awopt  wing. 


Wa  hava  uaad  aluminium  alloy  honayoomb  baoauaa  of  ooat  oonri derations  and  it  ia  a  matarial  whioh  wa  ara 
uaad  to  handling.  But,  if  avidanoa  ia  aval  labia  whioh  ahowa  that  thia  ia  not  aoooptablo  for  produotion 
uao,  than  wa  will  taka  thia  into  aooount  in  daoiding  upon  a  daaign  standard. 

IJBFBREK'CE  MO  OP  PAPER  l/3 

sismsaoR's  name  -  a  baotop 
AUTHOR'S  NAME  -  T  SHARPUCS 

OONMENTi  With  rafaranoa  to  problama  with  tha  CPC  Skina/aluminium  honayoomb!  I  oonaidar  tha  problam 
ia  not  aa  graat  aa  axpaotad.  Ona  haa  only  to  oonaidar  whara  tha  atruotura  ia  and  ita  layup.  Tha 
problam  only  oooura  on  nay  thin  panels,  in  direct  litfitning  aonau. 


j  RKPAREMOE  NO  OP  PAPER  t/l 

j  DISCOSSOR'S  NAME  -  WAITER  VOOL  MBS,  MUNICH 

AUTHOR'S  NiMH  -  T  SHARPIES 

[< 

•  COMMENT!  Undo*  tha  aaaumption  that  all  preoauticna  ara  takan  at  manufacturing  to  minimiaa  tha 

\  anvi  ronmentu’.  degradation,  what  ia  tha  experience  no  fax1  on  tha  lifa  tima  of  oompoaitaa,  taking  into 

I1  ixoount  the  change  of  the  ohamioal  atruotura  of  tha  matarial  under  tha  various  atraaa  oonditiona, 

1}  (atatis  and  dynamic)? 

k  gTOHOR'3  REPLY!  Tha  experience  to  data  iu  vary  annouraging  in  thav  no  problama  appaar  to  ba  ooourring 

|  in  aarvioa  whioh  oan  ba  atttlbutad  to  unforeseen  phyuioal  dagradation.  It  ahould  bo  notad,  howavar, 

ft  that  in  order  to  obtain  thia  aort  of  information,  full  knowladga  of  tha  anvi ronmantal  oonditiona, 

|  Including  ntiaaa  lovaia  and  loading  apeotra,  would  ba  required.  Thia  ia  no  amall  taak. 


Rafaranoa  ahould  ba  made  to  tha  recint  ADAKb  maatlag  in  Athana  whara  tha  USAP  and  Navy  atatad  that  thair 
Itv-serviou  experience  waa  favourable  and  tuat  they  are  beoomiug  quite  relaxed  about  using  aircraft 
containing  CPC. 
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REFERENCE  NO  OP  PAPER  l/l 
DISCUSSOR' 3  NAME  -  B  J  O'  BURROWS 
AUTHORS’  MANE  -  LEONARD  A  HULVILLE 

comm i  In  Qomtnta  on  the  oomposite  AV8B  Ming*  it  was  atatsd  that  lightning  currant  Mould  flm.  doMn  tha 
aluminium  front  loading  sdge.  It  is  a  faot  that  the  high  count  pulses  of  current  flow  distribute 
initially  induotivel^  around  the  wing  -  so  a  large  current  will  flow  down  the  near  edge  too. 

AUTHOR'S  HEPLYi  The  point  is  that  no  speoial  lightning  protection  provisions  are  made  beyond  reliance 
on  the  metal  leading  edge  and  tip  structure,  and  the  oonduotivity  of  the  oarbon  oomposite  itself, 
inoluding  the  oomposite  trailing  edge.  (See  the  additional  reply  by  0  Weinstok.) 

REFERENCE  NO  OP  PAPER  l/l 
DISCUSSOR*  S  NAME  -  0  WEINSTOK 
AUTHOR’ S  MANE  -Rtf  LEONARD 

COMMENT:  In  a  reply  to  questions  of  lightning  current  distribution  on  the  AV8B  wing  (question  by 
Burrows) 

As  a  representative  of  MoDonnell  Aircraft  Co,  the  manufacturer  of  the  AVPB,  it  was  reoognised  that  some 
lightning  current  would  flow  through  the  AV8B  oomposite  wing.  The  design  of  the  wing  is  suoh  that  there 
is  sufficient  oross-seotional  area  in  the  wing  to  oarry  the  lightning  current  without  damage.  Extensive 
tests  have  proved  this  design. 

REFERENCE  NO  OP  PAPER  l/l 
DISCUSSOR' S  NAME  -  F  S  STRINGER 
AUTHOR’S  NAME  -  Rtf  LEONARD 

COMMENT:  DC10  illustration.  I  was  oonosmed  that  the  damage  shown  by  lightning  doee  not  appear  to  have 
been  diaoovered  until  some  time  after  the  ooourrenoe.  Does  this  mean  that  strikes  are  a  more  serioue 
problem  where  CFC  is  applied? 

AUTHOR’S  REPLY:  I  doubt  that  the  late  disaovery  by  iteelf  Implies  serioue  CFC  problems.  Rather,  it 
undersoorse  the  benign  nature  of  the  damage  incurred  and,  perhapa,  the  conservative  etruotural  design 
of  ths  DCIO  CFC  rudder.  The  faot  that  attachment  occurred  certainly  implies  a  dsfiolsnoy  in  either  the 
lightning  protection  system  design  or  its  applioation.  Moreover,  if  a  oartain  degree  of  meohanioal 
damage  can  be  incurred  and  only  discovered  after  many  flight  oyoles,  design  of  highly  stressed  primary 
wtruoture  for  durability  must  aooount  for  suoh  damage  and  required  inspection  intervale. 

REFERENCE  NO  OF  PAPER  l/l 
DISCUSSOR' S  NAME  -  B  J  C  BURROWS 
AUTHOR’S  NAME  -  R  W  LEONARD 

COMMENT:  You  showed  the  picture  of  a  tail  fin  of  an  aircraft  whioh  suffered  a  direct  strike  which  the 
operators  knew  nothing  about.  It  was  unlikely  to  have  been  e  swept  stroke,  and  the  e:ctent  of  the  damage 
indioetea  a  Zone  IB  attaohment  point,  ie  an  initial  attachment  with  handr-on. 

It  iq  not  unknown  for  strikes  to  have  occurred  to  airoraft  and  the  orew  being  unaware  of  them.  Lightning 
strike  statistics  are  probably  inoomplete  beoause  of  this  rsason. 


AUTHOR'S  REPLY:  Ths  inoident  wan  character! st>d  by  airline  and  Douglas  personnel  as  attaohment  of  e 
swept  stroke.  The  point  of  damage  is  at  the  forward  edge  of  a  (about)  5-i nob-wide  fibreglass  trailing 
edge  wedge  where  it  is  relative,  with  titanium  rivets,  to  the  aft  flange  of  the  oarbon/ epoxy  rear  spar 
of  the  DCIO  upper  aft  rudder.  It  lies  about  20  inches  below  the  lower  end  of  a  "grounded"  trailing- 
edge  metal  strap  with  the  statio  discharge  pointer.  Deposits  on  the  trsiling-edge  wedge  olearly  mark 
the  horisontal  air  flow. 


REFERENCE  NO  OF  PAPER  l/2 
DISCUSSOR' 3  NAME  -  K  F  ROGERS 
AUTHOR'S  NAME  -  0  JUBE 

COMMENT:  Eat  oe  qu'il  y  avait  a^Athenes  un  rapport  ou  une  discussion  au  sujet  de  la  reparation  des 
structures  en  plastiques  renforoee  de  fibres  de  oarbone,  le  reparation  gentfrale,  pas  asulement  des  piles 
d'helicoptJre? 

AUTHOR'S  REPLY:  Ls  sujet  des  reparations  n's  pas  fait  l'objet  d'un  rapport  partioulier  st  n'a  sts  que 
cit$  brlevament  dans  plusieurs  communications. 

general  la  reparation  ooneiste  a  enlever  la  partis  endommagee  et  2  retablir  la  continuity  du 
oomposite  par  dee  oouohet  de  materiau  preimpregne  oonvenablement  decalees.  Le  duroissement  s'opere  par 
un  ohauffage  local. 
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REFERENCE  NO  OF  PAPER  l/3 
DISCUSSOR'  S  NAME  -  0  ORION  AMD.  BA. 

AUTHOR*  S  NAME  -  T  SHARPIES 

COMMENT i  In  your  oost  «nd  might  Having  study,  you  did  not  oonsidsr  ths  impaot  of  solutions  you  will 
havs  to  introduos  to  protsot  ths  airoraft  against  lightning  and  slaotro  magnetic  sffsots.  Bo  you  1  ntsnd 
to  introduos  this  in  your  study  at  a  latsr  dats? 

AUTHOR* S  REPLY!  We  havs  to  oonsidsr  ths  protlsma  ofi- 

Sorssning  and  Bonding  -  Ws  do  not  sxpsot  any  oost  or  wsight  implications  coming  from  ths  solutions  to 
thsss  problems,  sspsoially  oinos  ths  sams  p  rob  Isms  appsar  to  hs  ooourring  with  ths  currant  matal 
struoturss. 

REFERENCE  NO  OF  PAPER  1/3 
DISCUSSOR*  S  NAME  -  PRESTON  a  SEEN 
AUTHOR'S  NAME  -  T  SHARPIES 

COMMENT*  How  do  you  dssign  joints  with  good  RF  shielding  properties?  Will  adequate  joint  design 
signifioantly  impaot  weight/ oost  advantages  of  CFC? 

AUTHOR'S  REPLY*  Ws  are  under  ths  impression  that  RF  shielding  is  a  fairly  looal  problem  and  that  this 
depends  mainly  on  ths  effloienoy  of  Avionios  bay  door  joints.  As  these  joints  will  be  made  with  metal 
fittings  and  are  stated  to  be  independent  of  the  CFC  part  of  the  etruoture,  then  '  V-  solutions  which 
have  to  be  applied  to  current  metal  problems  will  also  apply  to  the  CFC  struoturss.  The  RAE  will  be 
discussing  this  at  a  later  stage  in  the  Symposium. 

REFERENCE  NO  OF  PAPER  l/3 

DISCUSSOR*  S  NAME  -  J  A  PLUMBS,  LIGHT  NINO  TECHNOLOGIES,  INC,  USA 
AUTHOR'S  NAME  -  T  SHARPIES 

COMMENT*  Soma  of  the  lightning  protaotion  methods  that  are  available  involve  the  application  of 
aluminium  strips  or  ooatings  to  oarbon  oompositas  (in  plaoes  where  protection  against  severe  dlreot 
strike  effeots  is  neoessary).  The  possibility  of  corrosion  at  aluminium-graphite  interfaces  has  often 
been  raised.  What  are  your  opinions  regarding  suoh  possibilities? 

AUTHOR'S  REPLY*  We  have  no  long  term  experience  of  this  particular  problem,  but  we  are  well  aware  of 
and  oonoemed  with,  problems  of  oorrosion. 

If  ws  were  to  use  aluminium  strips  then  these  would  be  laid  up  with  the  composite  and  therefore  well 
proteoted,  but  we  would  certainly  like  to  hear  from  anyone  who  has  any  relevant  experience. 

FURTHER  COMMENT  BY  G  WETNSTCKt  On  the  question  regarding  oorrosion  of  aluminium  and  oarbon  oompoaite 
material,  beoause  of  the  possibility  of  oorrosion,  we  at  MoDonnell  Airoraft  have  used  TIN  instead  of 
aluminium  for  lightning  proteotion.  We  have  found  that  tin  presents  no  oorrosion  problems  when  applied 
to  aluminium. 
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SESSION  II 

REFERENCE  No.  OF  THE  PAPER J  2/5 

DISCUSSOR'S  NAME:  B.W.  Smithers  (ERA  Technology  Ltd) 

AUTHOR'S  NAME:  P.C.  firewater 

COMMENTS: 

Commenting  on  a  question  to  the  author  from  another  delegate,  the  CPC  sample  referred  to  by  the  author  is 
sample  D,  (see  Table  1  of  our  Paper  No.  6  for  details  of  number  of  plies  and  lay  angles),  Hie  fibres 
are  sade  by  Courtaulds  Ltd,  and  the  resin  by  Fothergill  and  Harvey  Ltd. 

QJie  fibre  volume  fraotion  is  not  known  but  was  found  to  be  0,62  for  another  CFC  Bample  from  the  same 
souroe.  The  last  reference  in  our  Paper,  (WHITNEY  J.M. ,  1978),  contains  the  statement  that  volume 
fraotions  vary  from  about  0.60  to  0.65* 

REFERENCE  No.  OF  THE  PAPER:  2/5 

DISCUSSOR'S  NAME:  Borgonovo  -  Italy 

COMMENTS: 

Very  little  has  been  said  about  interference  problems  to  be  expected  from  new  digital  avionios 

(ARINC  700  series),  due  to  the  very  low  shielding  properties  of  composite  materials.  This  aspect  should 

be  worth  attention  in  the  general  disouBsion. 

REFERENCE  No.  OF  THE  PAPER:  2/6 

DISCUSSOR'S  NAME:  CL  Weinstook 

AUThOR'S  NAME:  D.A.  Bull,  a  .A.  Jaokson  and  B.W.  Smithers 

COMMENTS: 

Does  20  dB  of  shielding  present  a  problem? 

AUTHOR'S  REPLY: 

No, 

1.  '  Existing  metal  airoraft  use  non-oonduotive  metal  seals  and  do  not  neoessarily  provide  20  dB 
of  shielding. 

2.  Many  sensitive  digital  equipments  are  installed  in  locations  on  airoraft  where  no  shielding  occurs. 
These  are  oookpit  areas,  engine  eleotronios,  wheel  wells.  These  equipments  oan  easily  be  designed  to 
operate  properly. 

3.  20  dB  shielding  presents  no  problem  just  normal  EMC  Design  Procedures, 

REFERENCE  No.  OF  THE  PAPER:  2/6 

DISCUSSOR'S  NAME:  O.A.  Du  Bro 

AUTHOR'S  NAME:  Bull,  Jaokson  and  Smithers 

COMMENTS: 

The  measurement  of  shielding  effectiveness  properties  should  be  viewed  as  only  a  relative  number.  Such 
measurements  are  dependent  upon  the  test  Bet-up  as  well  as  various  parameters  within  suoh  a  test  set-up. 
Measurements  made  by  different  authors  may  yield  resultB  not  oomparable  in  >;n  absolute  manner. 

AUTHOR'S  REPLY: 

Inevitably  screening  measurement s  must  to  some  extent  be  dependent  on  the  test  arrangement .  Nevertheless, 
the  results  quoted,  see  Figures  14  and  17  of  Paper  6  demonstrate  good  agreement  between  near  and  distant 
field  tests  and  it  is  therefore  considered  that  these  results  oan  be  applied  with  confidence  to  the 
praotioal  airoraft  structures  and  are  not  "only  relative  numbers". 


ifcT  J -  k ’l  ur-l*  /eiVltot':-. 
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REPSSEHJE  Ho.  OF  THE  PAPER!  2/6 

DISCUSSOR'S  NAME:  J.  Birken 

AUTHOR ' S  NAKEs  D.A.  Bull,  O.A.  Jaokson  and  B.W.  Smithers 

COMMENTS! 

ELeotrioal  Sg(f)  and  Magnet io  %(f)  Shielding  Effectiveness  has  been  theoretically  derived  and  measured 
with  excellent  agreement  in  papers  by  Straws,  D. ,  Wallenberg,  Bike  and  Birken  at  this  meeting.  As 
0.  Du  Bro,  AFFDL  stated,  many  shielding  efforts  have  been  conducted  and  are  diffioult  to  oompare.  For 
this  reason  the  US  Navy  is  now  using  transfer  impedance  Z8^(f)  which  is  not  dependent  on  the  instrument 
measuring  volume.  Sj>(f)  is  very  high  at  low  frequencies.  Because  of  this  Sj;  measurements  are  often 
incorreot  .....  as  the  energy  coupled  into  the  box  is  through  the  joining  to  the  box  .....  not  through 
the  materials. 

In  regard  to  the  question  'Will  the  reduoed  electrical  conductivity  of  composite  oause  EMC  problems?' 

US  Naval  studies  have  shown  direot  lightning  etri'ces  can  oause  problems,  while  high  frequency  ooupling 
problems  are  not  signifioantly  worse  than  metal  aircraft  problems. 

AUTHOR'S  REPLY! 


The  relationship  between  surface  transfer  impedance  and  overall  attenuation  is  oomplex.  ZBt  oan  give  an 
indication  of  attenuation  by  reflection  but  will  not  neoessarily  give  a  good  indication  of  absorption 
loss. 

Considerable  oare  was  taken  in  the  measurements  desoribed  to  ensure  that  penetration  or  ooupling  through 
imperfections  in  the  structure  was  negligible.  The  results  show  that  attenuation  in  the  magnetio  mode 
at  frequences  less  than  30  MHz  is  signifioantly  lower  than  for  a  metal  structure,  and  it  therefore  seems 
likely  that  EMC  problems  will  ariBe  in  the  HF  band. 


REFERENCE  No.  OF  THE  PAPER!  2]l 

DISCUSSOR'S  NAME:  B.W.  SmitUers  (ERA  Technology  Ltd) 


AUTHOR'S  NAME! 
COMMENTS i 

Question  l! 
Question  2: 


Question  3i 


AUTHOR'S  REPLY! 


W.F.  Walker 


What  is  the  resistivity  of  the  oarbon  fibres  and  what  is  their  type? 

Is  the  technique  employed  of  use  with  OFC  materials  other  than 
unidireot ional? 

What  is  the  effect  of  varying  the  width  (and  henoe  aBpeot  r.'atio)  of 
oroBS-seotion  of  the  sample  in  the  transmission  line? 


Answer  1: 
Answer  2i 


Answer  3i 

REFERENCE  No.  OF  THE  PAPER: 


Prof.  W.  Oajda  has  data  on  the  T300  material  UBed. 

Possibly,  although  a  theoretical  description  of  behaviour  would  be 
difficult. 

Very  little  effeot. 
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DISCUSSOR'S  NAME:  J.L.  van  Lidth  de  Jeude  (Fokker  Aircraft  Co.) 

AUTHOR'S  NAME:  W.  Walker 

COMMENTS: 

It  was  suggested  by  a  number  of  the  audience  during  the  disoussion,  that  taking  oare  of  good  shielding 
performance  of  the  airoraft  structure  would  relax  our  shielding  requirements  on  the  avionics  equipment 
and  system  itself.  This  oannot  be  true  however  as  the  equipment  should  withstand  the  interference 
generated  within  the  airoraft  itself.  The  oonduoted  interference  over  the  power  lines  probably  belong 
to  the  worst  of  all. 

AUTHOR'S  RE>LY: 

I  think  that  this  oooment  may  have  been  intended  for  one  of  the  other  speaks,  j  -  whose  papers  dealt  more 
directly  with  shielding  effeotiveness. 

Nevertheless,  I  agree  with  the  oomment  -  but  I  do  not  know  anyone  who  expects  the  airoraft  structure 
(particularly  if  made  of  CFO)  to  satisfy  all  shielding  requirements. 
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REFERE  ”5.  OP  ME  PAPER:  2/7 

DISCUSSOR'S  NME:  Or  J.  Birken 

AUTHOR’S  NAME:  Prof.  J.  Walker 

COMMENTS 

Regarding  the  question  of  material,  Prof.  Walker  measured  conductivity  of  fibre  whioh  Prof.  Qadjo  built, 
((type  T-300  material  20,000  mhos/M. )  Details  are  in  books  by  Roy  Stratton,  Rone  Air  Development  Centre, 
Rome  N.Y.  or  J.  Birken,  Naval  Air  System  Command,  Washington  DC  20361  entitled  Composite  Electromagnetic 
Design  Ouidelines  Handbook. 

REFERENCE  No.  OP  THE  PAPER:  2/8 

DISCUSSOR'S  NAME:  J.M.  Thomson' (Royal  Aircraft  Establishment,  UK) 

AUTHOR’S  NAME:  D.  Jaeger,  K.  Rippl 

COMMENTS: 

With  respeot  to  the  part  of  your  paper  disoussing  EMC  emission  and  susceptibility  standards,  I  follow  the 
flow  of  your  analysis.  UK  experience  is  also  that  one  of  the  biggest  differences  between  CPC  and 
conventional  aluminium  alloys  is  that  there  is  less  attenuation  to  magnetio  fields  at  HP  and  below. 
Therefore  if  it  was  neoessary  to  prepare  an  equipment  test  specification  today  we  would  have  to  think 
seriously  about  increasing  the  susceptibility  requirements  and  reducing  the  emission  requirements. 

However,  we  heard  a  good  deal  of  disoussion  yesterday  about  the  problems  of  relating  laboratory  measure¬ 
ments  of  shielding  effectiveness  to  the  aircraft  oase.  In  particular,  if  there  is  a  mixture  of  OPO  and 
metal  in  the  airoraft  struoture,  then  the  pattern  of  skin  current  distribution,  and  henoe  penetration,  is 
changed:  but  the  shielding  is  not  neoessarily  worse,  just  different,  (therefore,  in  the  UK  we  consider  it 
very  important  to  back  such  analyser  as  yours  with  experimental  work.  At  ESA  Teohnology,  for  example,  we 
have  a  Wessex  helicopter  fuselage  in  whioh  oomposite  panels  oan  be  mounted,  so  that  we  oan  measure  the 
ohanges  in  shielding  effectiveness. 

Is  your  analysis  baoked  up  by  any  suoh  praotioal  work  on  large  structures? 


AUTHOR’S  REPLY:  K.  Rippl 

We  at  MHB  Hunioh  have  not  yet  performed  similar  measurements  on  large  airoraft  structures)  but 
theoretically  an  influence  of  OPO  panels  against  aluminium  panels  is  evident  if  they  are  mounted  at  a 
oritioal  place  where  shielding  effeotiveness  plays  a  significant  role.  Nevertheless  we  consider  your 
tests  as  a  good  approach  to  the  problem  and  intend  to  perform  similar  tests  in  the  future. 

REFERENCE  No.  OP  THE  PAPER:  2/8 

DISCUSSOR'S  NAME:  Audone 

AUTHOR'S  NAME:  K.  Rippl 

COMMENTS: 

1.  How  have  the  ourves  of  shielding  effeotiveness  of  airoraft  structures  against  magnetio  fields  been 
obtained? 

2.  Why  is  the  magnetic  field  effectiveness  related  to  eleotrio  field  tests  (RE02)  and  no  mention 
given  to  the  relevant  magnetio  field  tests  (RB01,  RSOl)? 

3.  Why  is  the  shielding  effeotiveness  of  the  airoraft  structure  related  to  testB  whioh  should  deal 
with  interactions  between  equipment  installed  within  the  struoture? 

AUTHOR'S  REPLY: 

1.  lbey  are  obtained  from  praotioal  measurements  and  are  alBO  comparable  to  theoretioal  considerations. 

2.  The  comparison  to  RE»2  was  used  as  an  example  only  -  other  comparisons  to  tests  as  REOl/RSOI  oould 
be  done,  but  it  must  be  considered  that  the  limits  of  these  tests  are  not  applicable  to  airoraft. 

3.  a.  External  EMC  should  also  be  considered  in  establishing  new  limits. 

b.  Structural  parts  also  exist  between  equipment  within  the  airoraft  eg  antenna/equipment 
interactions. 


o 


Limits  concerning  equipment  must  always  be  seen  against  the  background  of  the  system  problems 
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DISCUSSOR'S  NAME: 
AUTHOR'S  NAMES 

COWENTS: 


D*7 


O.  W« instock 
D.  Jaeger,  K.  Rippl 


With  reference  to  comments  made  'by  the  author  as  to  need  for  new  TX C  requivomonta,  Ve  at  McDonnell 
Aircraft  Co.  have  increased  requirements  relative  to  EMl/lMC/LIGHTNIRG  and  defined  design  approaches  for 
composite  aircraft.  Die  following  have  proved  successful  on  aircraft  tha+  are  50$  composite. 

1.  Magnet io/how  frequency  -  require  use  of  balanced  oirouits  and  twisted  pair  wiring. 

2.  Magnetio/eleotrio  mid  frequency  -  use  shielded  wires  and  cable  and  discrete  RLC  filters. 

3.  High  frequencies  above  10  MHz  -  extensive  use  of  filter  pin  oonnectors  and  small  feed-through 

filters  cn  signal  lines. 

Die  RS03  requirements  have  been  greatly  increased  over  MIL-STD-461  also  transient  and  ground  plane 
interference  tests  have  been  added. 

AUTHOR'S  REPLY: 

I  agree  in  principle  with  your  approach.  You  established  more  stringent  requirements  in  advance  although 
relevant  specifications  are  missing  to  date. 

REFERENCE  No.  OF  THE  PAPER:  2/9 

DISCUSSOR'S  SAME:  J.  Biriccn,  NAUAIR  USA 

AUTHOR'S  NAME:  K.  Lodge,  Plessey  Research  UK 

COMMENTS: 


How  are  you  compensating  for  galvanic  oorrosion  with  copper  treated  graphite?  Copper  is  further  apart 
from  oarbon  on  the  valence  chart  and  consequently  should  produce  a  larger  galvanic  voltage. 

AUTHOR'S  REPLY: 

We  are  not  compensating  for  galvanio  oorrosion  of  copper  and  graphite.  Copper  work  was  purely  from  an 
experimental  electrical  viewpoint. 

REFERENCE  No.  OF  THE  PAPER:  2/9 

DISCUSSOR'S  NAME:  T.  Sharpies 

AUTHOR’S  NAME:  Brettle,  Lodge  and  Poole 

COMMENTS : 

Can  you  please  explain  your  statement  that  proteotive  treatment  to  prevent  electrolytic  corrosion  will  be 
detrimental  to  the  electrioal  properties?  (is  your  experience  such  that  you  can  state  that  the  use  of 
conventional  proteotive  treatments  is  not  acceptable?) 

AUTHOR'S  REPLY: 

Not  all  methods  of  preventing  electrolytic  oorrosion  depend  on  electrically  isolating  the  components,  for 
example,  saorifioial  coatings  may  aotually  improve  the  oonduotion  across  the  interface.  However,  many  of 
the  methods  we  have  examined,  for  example,  the  rivetted  joints  and  the  joints  made  with  sealants  (Fige  8, 

9  and  14  in  the  written  paper)  have  significantly  degraded  the  eleotrioal  properties  of  joints.  It  should 
be  noted  that  the  provision  of  a  low  resistance  current  path  across  a  joint  may  be  detrimental  to  the 
oorrosion  protection  system  used. 


flea  - 


0-8 

REFERENCE  Ho.  OF  THE  PAPER  2/9 

DISCUSSOR'S  NAME:  T.  Sharpies,  BAe  Warton 

AUTHOR'S  NAME:  R.  Poole,  Plessey 

COMMENTS: 

Khat  do  the  o hinge a  of  resistance  mean  in  terms  of  acceptance  levels.  Is  there  a  marl mum  value  above 
which  the  joint  is  unaooeptable? 

Does  a  well-tightened  bolt  oanoel  out  the  effeot  of  a  "bad  hole"? 

AUTHOR'S  BIPLY: 

The  lowest  resistance  value  obtained  by  the  passage  of  a  current  through  one  of  our  joints  was  about  400  mO. 
There  is,  as  far  as  I  know,  no  suitable  level  of  acceptability  for  joint  resistance  in  CPC,  but  we  would 
expeot  a  sensible  level  to  be  in  the  milliohm  or  tens  of  milliohm  range  rather  than  hundreds  of  milliohm*. 
These  acceptance  levels  would,  of  course,  ohange  with  the  electrical  requirements  of  the  joint. 

As  is  seen  in  Figure  8  in  the  written  paper,  tightening  the  bolt  up  does  not  overoome  the  damage  caused  by 
poor  hole  drilling.  Me  are  currently  working  on  a  method  of  joint  construction  whioh  will  obviate  the 
eleotrioal  need  for  aoo urate  hole  drilling. 

REFERENCE  No.  OF  THE  PAPER  2/9 

DISCUSSOR'S  NAME:  0.  Barton 

AUTHOR'S  NAME:  K.  Lodge 

COMMENTS: 

The  work  reported  was  on  bolted  and  adhesive  joints,  have  you  done  any  work  on  perousBion  rivetted  type 
joints  and  if  so  are  these  eleotrioally  better  or  worse? 

AUTHOR'S  REPLY: 

The  only  woric  we  have  oarried  out  on  rivetted  CFC  joints  was  an  examination  of  some  joints  made  by  an 
aircraft  manufacturer.  The  eleotrioal  resistance  of  the  individual  CFC/rivet  joints  varied  by  up  to  3 
orders  of  magnitude.  Overall,  they  were  eleotrioally  much  worse  than  bolted  joints. 

REFERENCE  No.  OF  THE  PAPER  2/9 

DISCUSSOR'S  NAME:  K.F.  Rogers 

AUTHOR'S  NAME:  J.  Brettle  and  K.  Lodge 

COMMENTS: 

Would  you  oare  to  comment,  please,  on  the  ohange  of  joint  resistance  with  structural  loading. 

AUTHOR'S  REPLY: 

Only  rough,  qualitative  tests  have  been  oarried  out  on  meohanioally  fastened  joints,  but  it  would  appear 
that  it  is  possible  to  produce  erratic  results  by  flexing  the  joints.  It  is  intended  to  examine  this 
problem  more  fully  in  the  seoond  phaBe  of  this  work. 

REFERENCE  No.  OF  THE  PAPER:  2/9 

DISCUSSOR'S  NAME:  T.A.  Collings 

AUTHOR'S  NAME:  K.  Lodge 

COMMENTS: 

On  the  adhesive  joint,  where  did  the  adhesive  burning  ooour  in  the  joint?  It  is  not  surprising  that,  lap 
joints  are  not  significantly  affeoted  structurally  if  the  burning  ooours  at  the  centre  of  the  joint.  The 
load  transfer  across  an  adhesive  joint  is  not  linear.  Load  is  mainly  taken  at  the  ends  of  the  lap  joint 
due  to  differential  straining  of  vhe  adhesive. 

AUTHOR'S  REPLY: 

On  our  sample,  the  burnt  area  was  on  the  edge  of  the  overlap,  but  the  other  sample  was  damaged  olose  to 
the  oentre  of  the  joint. 
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REFERENCE  Ho.  OF  THE  PAPER l  2/9 

DISCUSSOR'S  NAME:  C.M.  Heruert  MBB 

AUTHOR'S  NAME:  K.J.  Lodge 

COMtENTS: 

The  given  values  are  valid  for  low  continuing  currents.  What  results  would  you  expect  for  high  frequent 
ourrents  due  to  a  lightning  stroke? 

AUTHOR'S  REPLY: 

Shorn  work  done  at  Plessey  Electronic  Systems  Research,  it  would  appear  that  the  joint  impedance  is 
relatively  independent  of  the  method  of  joint  construction  at  frequencies  involved  in  lightning  strikes, 
above  about  300  kHz.  Extrapolating  the  values  shown  in  Fig  22  of  the  written  paper,  we  would  expeot  the 
value  of  ESR  to  be  about  10  0  at  500  MHz. 

From  results  given  at  this  meeting  by  Mr  B.  J.  Burrows  of  Oulham  Laboratories,  it  would  appear  that  it  is 
possible  to  alter  the  joint  resistance  by  the  passage  of  a  lightning  stroke. 

REFERENCE  No.  OF  THE  PAPER:  2/9 

DISOUSSOh'S  HAMS:  K.  Rippl 

AUTHOR'S  NAME:  K.  Lodge 

COMMENTS: 

Concerning  the  test  arrangements  particularly  the  contacts  between  CFC  and  the  measuring  eleotrode. 

Can  you  describe  the  hardware  used?  How  did  you  manage  to  get  a  good  oontaot  between  the  eleotrodes  and 
the  CFO  material? 

AUTHOR'S  REPLY: 

The  equipment  used  is  described  in  seotion  2.3  of  the  written  paper.  In  addition  several  signal  sources 
were  used  including  a  oustom  built  12  V,  8  A,  50  Hz  power  Bupply,  a  KAVETEX  Model  143  &-20  MHz  function 
generator  and  a  Marooni  TF  144  h/4  standard  signal  generator.  Voltage  monitoring  was  by  Levell  ao 
broad  band  voltmeters  Type  TM3B  and  1M6B  and  Raoal  RF  Millivolt  meter  type  9301A. 

The  contacts  were  made  by  plating  the  exposed  OFC  with  oopper  plating  aB  described  in 

Beotion  2.2  of  the  written  paper.  The  details  of  the  plating  solutions  are  given  in  the  appendix  of 

paper  6  of  this  conference. 

REFERENCE  No.  OF  THE  PAPER:  2/9 

DISCUSSOR'S  NAME:  P.F.  Little 

AUTHOR'S  NAME:  K.J.  Lodge  (presenter) 

COMMENTS: 

What  area  of  overlap  was  employed  and  what  area  was  burnt  out  by  your  continuous  8  Amp  current? 

AUTHOR'S  REPLY: 

The  two  samples  of  adhesively  bonded  lap  joints  which  had  8  Amps  passed  through  them  had  areas  of  225  end 
102  mm?.  The  visibly  burnt  areas  were  4*18  and  6.56  mm?  respectively. 

REFERENCE  No.  OF  THE  PAPER:  2/9 

DISCUSSOR'S  NAME:  J.H.  Ashworth,  BAe  Woodford 

AUTHOR'S  NAME:  K.J.  Lodge 

COMMENTS: 

Can  you  please  comment  on  measurements  on  bolted  joints  other  than  those  measured  at  do. 

AUTHOR'S  REPLY: 

Both  the  impedance  and  the  effective  series  resistance  of  the  joints  have  been  measured  at  frequencies  up 
to  50  MHz  and  the  results  given  in  sections  5*1  and  5.2  of  the  written  paper.  In  general,  the  do  values 
ware  retained  up  to  about  10  MHz,  The  effeotive  series  resistance  of  all  joints  tended  to  be  in  the  range 
0.5-1. 5  0  at  50  MHz. 


f.un  ijtfW'iWW 


t*m  *Tfr%f??ripp7.'m»  Vfff  *TT’iTrv! j * r  ^!*W 


<A,|»^IM«  •MPAPMIlfr/'  .WHW.'WSW^  (•'UWftH® 


D-10 

REFERENCE  NO.  OF  THE  PAPER:  2/5 

DISCUSSOR'S  NAME:  C.  M.  Herkert  (MSB) 

AUTHOR'S  NAME:  D.  C.  Brewster 

COMMENTS: 

Concerning  the  CFC  materials,  which  type  of  fibre  did  you  consider  at  whloh  volume 
fraction  and  what  thickness  of  the  single  layer? 

The  fibres  considered,  of  UK  origin,  were  "Super  a"  fibers  with  resistivity  approx¬ 
imately  1.3X10  akm.  The  resin  was  851914C.  The  volume  fraction  was  approximately  62% 
We  considered  single  later  thicknesses  from  11mm  to  IS  mm. 


REFERENCE  NO.  OF  THE  PAPER:  2/5 

DISCUSSOR'S  NAME:  0.  Barton  &  I.  Mac  Diarmid 

COMMENTS:  You  stated  that  CFC  ground  planes  should  behave  the  same  as  metal  ones. 
Does  this  include  H.  F.?  Experimental  results  show  shielding  of  CFC  to  be  poor  and 
one  would  therefore  expeot  poor  performance  in  the  HF  Band.  „„  . 

It  is  possible  that  it  is  inoorrect  to  view  CFC  as  a  perfect  conductor  of  HF  beoause 
of  the  losses  involved  in  the  currents  flowing  in  either  a  CFC  ground  plane  or  air¬ 
frame.  This  applies  both  to  wire  antennas  and  notch  antennas.  Antennas  of  higher 
frequencies  should  be  less  affected  because  their  smaller  sise  implies  lower  losses 
in  the  CFC. 


REFERENCE  NO.  OF  THE  PAPER:  2/5 
DISCUSSOR'S  NAME:  B.  Audone 

COMMENTS: 

What  is  the  correlation  between  theory  and  your  experiments? 

Our  experimental  program  is  continuing  but  at  presont  there  is  some  disagreement  be¬ 
tween  theory  and  experiment.  We  have  not  arrived  at  any  definite  conclusions  yet. 
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REFERENCE  So.  OF  THE  PAPfflt  3/l0 

DISCUSSOR'S  NAME 1  0.  Barton 

AUTHOR'S  NAME  1  J.M.  Thomson  and  R.H.  Evans 


comments! 

Ths  information  required  by  Industry  doss  not  appsar  to  bs  ooming  from  any  guidelines  providsd  by  ths 
program**  outlinsd.  Timssoalts  do  not  rsfsr  to  ths  structural  programs* •  This  is  of  great  concern  to  ms. 

AUTHOR'S  REPLY! 

Thank  you  for  your  opinion. 

It  is  ons  of  ny  personal  hobby-horses  to  distil  ths  information  from  the  roasaroh  programmes  into  w  fans 
suitable  for  industry  to  use.  As  you  know  I  have  sought  sympathy  and  backing  from  your  side  of  the 
fen oe  for  this  idea. 

1  would  agree  that,  apart  from  lightnirig  protection,  the  UK  0F0  structure!  demonstrator*  programs! so  have 
not  been  influenced  in  the  slighteet  by  eleotrioal  considerations. 

REFEREROE  No.  OF  THE  PAPER!  3/l0 

DISCUSSOR'S  NAME 1  R.B.  Rowlsy 

AUTHOR'S  NAME!  J.M.  Thomson  and  R.H.  Evans 


COMMERTSl 

Table  2  shows  bonding  and  Jointing  aa  a  major  problem  but  non-linear  sffsots  (such  as  intemodulation 
product  generation)  is  olasssd  as  a  minor  problem.  I  would  have  expected  ths  ’6 wo  aspen  to  to  bs  related 
and  hsnoe  fall  into  ths  same  aatsgory.  Would  Hr  Thompson  please  oomment  on  why  they  arc  apparently 
unrelated? 


AUTHOR'S  REPLY t 

Won-linear  effeots  are  olaseed  au  a  minor  problem  beoauee  our  research  programme  lead*  u«  to  this 
oonoluaian  (**«  Paper  No. 9),  If  th*y  oaourred  In  praotio*  then  an  ad  hoo  aolution  would  have  to  be  sought. 

We  classify  bonding  ss  a  major  problem  beoauee  it  affects  many  aruae  besides  non-llnsar  sffsots.  As  out¬ 
lined  in  our  papsr  those  include  shielding  to  RF,  EKP  and  lightning,  and  aerial  installation.  All  thee* 
affsob  ths  safety  or  mission  suoosss,  or  both,  of  ths  complete  weapon  gystem. 

REFERENCE  No.  OF  THE  PAPER!  3/l0 

DISCUSSOR'S  NAME!  W.  Baeocm 

AUTHOR'S  NAMEt  J.M.  Thomeon  and  R.K.  Evans 


COMMENT? 1 

On  ths  question  of  poor  information  transfer  from  research  to  design  then  to  specification,  thera  1*  also 
poor  communication  on  a  "horisontal"  level.  For  example,  ws  hav*  heard  little  said  about  what  happens  to 
joint  strength  when  it  is  modified  for  better  eleotrioal  transfer.  In  general  there  is  a  continuing  need 
for  communication  between  materials,  slsotronio  scientist,  and  design  engineers. 

AUTHOR'S  REPLY! 

Ws  also  rooogniss  ths  need  for  "horisontal"  oonmuniostion.  With  regard  to  bond  strength  my  colleague 
Kevin  Lodge  briefly  mentioned  this  in  hie  presentation.  Such  ocuaideratlonm  are  always  uppermost  in  our 
minds  and  I  think  that  we  have  been  reasonably  successful  in  stimulating  oontaot  between  all  parties,  both 
in  Dsfsnos  and  Industry,  in  the  UK. 
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amwcwoa  No.  or  m  mi 
Mcaooa«)#»s  namici 

AUTHOH'8  NAttSi 

oowcctrrsj 


3/10 

D.J.O.  Burrow* 

J.H.  Thowaon  imd  R.H.  Svaiui 


1.  Carbon  IN, hr*  fuaalaga  taate.  It  i*  out  axpariftno#  at  Oulham  that  aluminium  hormyc-omb  drastically 
affeot*  the  scramiing  performance.  Waa  th«  futialag*  tasted  made  with  aluminium  hcmeyocmb,  arid  la  thla 
oonalruotion  intended  tot  a  oompoeit*  aircraft?  Are  th«  result#  of  thL#  test  applicable  to  nonex  honey 
comb  atruo  cure#? 


2,  Wuil  uyeleua. 
prioritieii. 


I  woul.il  hi*v«  liked  fuel  system  aafety  to  be  »pwl»1.1.y  mentioned  in  your  Hut  at 


3.  Uy»t«Ki  grounding.  Power  ay  atom  grounding  Insofar  as  it  la  nubjeot  to  lightning  utrikaa  ia  •  sever# 
pro bl am  owing  to  tha  large  voltage  differano*  which  nay  bo  awan  between  grounding  point*,  Bo  you  not  think 
it  oho  old  ba  given  higher  priority? 


AUTHOR  *B  KM, Hi 

t.  The  'shielding'  it  a  function  of  tha  total  almpa  and  construction,  or  wall  aw  tha  oonatruntion  of 
individual  emotion#,  ho  strictly  tha  result#  apply  only  to  tha  particular  structure  tested,  which  in  thla 
oaua  had  certain  par  to  constructed  ol*  aluminium  honeycomb.  However,  oonbinad  with  raanltu  from  othar 
structure#  and  laboratory  experiment#  an  ova vail  trend  appears,  which  la  duaoribad  in  the  papar.  1  would 
expect  similar  raaulta  from  no  mix  honeycomb  utrunlurep, 


2. 


Wa  will  0  a  wind  our  papar  to  taka  account  of  this. 


3,  Our  paper,  and  tluit  liy  KoBlannld  and  Barton,  nuggeat#  that  fry  an  all-OM)  aircraft,  a  asperate, 
intarml,  grounding  #yat#w  will  ba  required.  Our  papar  olaaalfiad  dTvobt'TffiiVxtlmif'  iffoota  aa  minor  but 
recognised  the  problem#  of  Induced  voltages  from  lightning  And  other  source#  at  Hi*  and  below,  although  wa 
probably  did  not  sufficiently  emplMuiew  raaiative  coupling  from  lightning  currents  an  distinct  from 
inductive  (magnetic  field)  coupling.  Mr  Burrow* *  own  pa, par  (No.iV)  draw#  attention  to  raiiatlva  effect#, 

uunauaioK  no.  op  tub  mmu  3/12, 

Bioouaoou’a  namdi  k.  iuppi 

AUTHOR *3  NAMUi  0.  Barton 

ooMtuunni 

Uav#  you  any  axpevisnoo  with  rotor  blada  modulation  in  using  OIK)  rotor  blades? 

AUTHOR  *0  IUHI>bYi 

Ttiia  problem  haa  not  been  exporisrmed  to  data  by  Will  with  metal  rotor  bladaai  howovar  if  there  la  a 
problem  with  rotor  bind#  modulation*  it  should  ba  raduoad  with  the  introduction  of  oowposite  blades. 

Author'#  footnote*  The  introduction  of  de-icing  system#,  high  .pulsed  currant n  on  th#  rotor  blade |  oould 
poosibly  make  blade  modulation  a  problem  in  t.ie  future. 


mvacwK  No.  otp  'ms  papmu 

DiaouaaoH'a  naksi 

AUTHOR '8  NUUK 
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O.U.  Harkert,  NBB 
0.  Barton 


ooMMcrrs* 

The  two  slides  ahown  for  protsotion  of  CHIP  with  Al-flauo-sprayed  and  foil  material  did  uhow  low  damage 
between  eorewa  and  protection,  ayatam.  Oould  you  explain  or  show  how  the  electrical  bonding  between  eurfaoe 
protaotion  and  bolt  ia  aolvad? 


, 


AUTHOR'S  REPLYl 

Diar*  wuc  no  olaotrioal  bonding  to  ths  surface  protaotion  a#  we  ware  considering  lightning  strike  protection 
only  and  from  the  work  undertaken  in  the  peat  it  did  not  make  any  appreciable  different 0  to  the  result#  If 
the  protaotion  eurfaoe  wa*  eleotrloally  isolated  or  not.  It  wu«t  aluo  b«  noted  ttiat  because  of  the  position, 
of  the  panel*  on  the  aircraft  theae  panel*  wore  only  subjected  to  i  t  strike  and  iiwept  current  teat a. 


l.atiuli  .•iihlixt./i.  J.it' 
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wcmaafOE  No.  or  the  paper  i 
disoumdr's  nakbi 

AUTHOR  *8  mu:  i 
ooMtwrsi 

'Aw  author  oonoamtratad  an  pw«k  uuy>ply  wiring  and  the  mini  to  provide  earth  xjilmmh  oab.Hn<|/»eta,l  in 
ootupeiuMita  for  ilia  fact  tluiii  a  CPU  fueeluge  would  noi  provide  iha  path  nor mllly  provided  fry  a  at  tat  aim*  aft. 

Haw  any  attempt  b««n  io.de  to  (umosa  the  inoranoo  in  eiipml  oable  norttnnAtut  main  tfiuHultitur  from,  adoption  of 
08*0  atiruotura? 

AUTHOR'S  RH'LYi 

'I’ll*  it  indy  wua  oiu*r.A«d  ouii  in  auoh  a  way  that  aiftnAllin#  onbl.ua  worn  uoporated  out  Twouujhi  it  tin*  fait  that 
on  a  future  airoraft  «xbm*lv«  uimi  of  a  data  bun  uynteiii  would  drentiitioa.Uy  reduoii  the  oable  weight  duo  io 
aignaUing  oablaa. 

teinttw*  No.  or  ratio  mi  3/1  a 

DXSOUIItlOR'S  HAKE  1  til.  Orion 

AUTHOR'S  HAKE  1  d.  Barton,  X,  Melliamid 

aoiixutrrai 

Problem#  of  developing  an  W  noioh  antenna  in  oia.au  of  OKI  airoraft  have  beau  aieoogitiiiiMiiiU  Mtom  your 
.wofltreinai#,  did  yon  propowe  uoluilonn  io  aolva  iha  problemii?  So  you  intend  io  have  u  epuolal  W'  progMiniw* 
io  miike  ln-depth  iisveintiaationiiV 

AUTHOR'S  REPLY l 

1  believe  tli la  in  a  problem,  however  w*  havm  no  oontroot  to  oorwdder  the  problem  further,,  It  ahould  bo 
*ddre«#«iJ.  and  given  the  neneimary  rmuouroeii  for  a  {nrofpnumo  with  riMllirtio  ohjeiibiiviMi,  »o  th.u  probl  ilium 
aan  hui  overdone. 

wiimmoB  no.  or  mu  paper  1 
DiuouaaoR's  nambi 
AUTHOR'S  NAltllll 

OOMMlIlNTth 

Runolilon  of  nlmraft  manufaotui'arw  wain  invited  to  the  background  oo»t  iuwl  effort,  to  be  erpootod.  ifrom  the 
unui  of  boron  l’ibroai.  £  Editor'll  Notei  No  reaponeo  wan  received,* J 

HEFWRNNUm  No,  0J'  THE  PAPER t  3/ 13 

DiaOUaaOR'B  NAMIIIt  O,  Barton. 

AUTHOR'S  NAWEl  Rwor 

OOMHKimt 

Mr  Barton  roquawtod  nora  Information  about  tho  treating  and  doping  of  boron  fibre#.,  Tim  reply  tndioetod 
that  worao  rowultu  bo  far  worm  unoouraglng  but.  roiioaroh  io  needed  to  <mlu.iu.Mi  conduct ivlty.  Nr  Dlrkon 
added  a  aonuant  that  work  wan  in  band  at  tho  Unlvurii.ity  of  I'Nrnnaylvimia  where  graphic/ epoxy  Infomation 
oould  be  nought .  Tim  atrwotttwil  integrity  after  treatment  io  not  yet  understood  fully, 

ROTRENCIE  Wo.  OV  THIS  PAPlilt  3/ 13 

PXBOUSSOR'a  NAME i  J.H.  A «h worth 

AUTHOR'S  NAME i  TCwor 

COMMENTS « 

Why  uuo  carbon  ttti  u  dope  inn  tend  of  other  material  ■? 

Thu  pruuenbei.'  of  the  jpapor  wan  uriablo  to  give  on  authoritative  anewer,  Nr  Anhworth  was  invited  to  write 
to  the  author  for  a  ooneidored  reply. 


3/13 

II'.  B,  Stringer 
Kwor 


3/12 

L.  JJcoroiiewafci,  Britidu  Awroepeoe 
0.  Barton,  1.  MoWarmid 


j  p  MFf'1  n,J  l''"VjM  1 
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MSMBSOIC  Wo.  0?  THE  PAPKE  j 

BII«TO8an*l«8  'WMi 

AUTHOR'S  NAME: 

oowtmh 


3/15 

Oi.  Orton 
0.1,.  Weinctoolc 


Low  flWKfuenojr  equipment  i«  .lent:  protected  by  carbon  iitruotu.ro*  than  with  metal .  In  your  uh  did  you 
oott*iika>  the  utitt  of  AftF  or  OMKSA  *y«U«rT 

Wo  cosnoidared  only  frequencies  down  to  HF. 


HilHCHUttCE  Ho,  0)'  Vm  PiPWt 
BiaoUilSOR'a  HUtE: 

AUTHOR'S  Ml; 

COWLRTOt 


3/15 

W.  Vogl,  KEB 
G*L«  Weinatodc 


On  tton  understanding  that  the  results  nti*a  primarily  from  ground  iastu  and  from  in-flight  teats,  you 
obviously  must  roly  upon  or*vr  reportac 

1.  Have  you  oxpnrlwjcad  any  snrirosraon.-Ul  impact,  wdtr  extreme  oonditionn  an  of  temperature,  dust  and 
boundary  effects,  etoV 

ft.  Bid.  the  oxviw  import  om  their  subjective  impressions,  or  wau  thorn  any  measurable  basis  for  the 
uouparison  with  "bettor"  cviroumatnnosu  iiti  the  cockpit? 


m 


AUTHOR'S  HJffl’LY: 

'fee.  Most  measurements  wore  made  on  the  ground. 

t.  Bo,  the  testa  ware  not  oonduoted  under  onvlroiunAutal  condition*.  We  have  found  no  adverse 
in-flight  environmental  effects  such  as  those  from  temperature  or  duat. 

2.  Vent  pilots  have  not  reported  any  problems  relatud  to  composites,  for  instance,  they  did  not 
report  any  problems  when  flying  nim»r  radar  or  due  to  static. 


rotkeme  No.  of  the  i’iimi 
DIBCIUSSOR‘8  NAME: 

AUTHOR'S  NAME: 


3/15 

J'.C.  Kleine,  ESC),  Mu  nohen 
a.L.  Welnotook 


oomowrsB 

In  whioh  frucruonoy  range  and  «t  which  field  utrength  wero  tsots  on  the  F18  performed  without  noticing 
effects  on  the  avionic  equipment  that  could  be  identified  as  being  caused  by  using  the  oarbon  fibre 
material? 

Whioh  equipment  did  show  ally  of  foot  at  all? 

The  frequencies  checked  were  those  from  low  HP  to  high  K  band  radar.  There  were  no 
effects  caused  by  use  6f  carbon  fibre  composites. 


REFERENCE  No.  OF  THE  PAPER: 
DISCUSSOH'S  NAME: 

AUTHOR'S  NAME: 

COMMENTS: 


3/15 

J.H.  Ashworth,  Mis 
0.  Hoinetook 


You  mentioned,  in  your  talk  that  in  your  teste  you  were  not  able  to  detect  any  change  in  antenna  performance 
on  an  aircraft  regardless  of  the  adequacy  of  the  bond  from  the  antenna  base  to  the  local  CFRP  area. 

Gould  you  please  offer  an  explanation?  This  is  certainly  not  rqy  experience  on  metal  airoraf't  at  V  A  UHF. 

We  have  extensively  tested  the  gain,  pattern  and  VSWR  of  blade  antennas  at  400  MHz, 

1  GHz  and  10  GHz  and  have  found  no  significant  difference  between  metal  and  carbon 
fibre  composite  ground  planes. 
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R&SBSNCE  So.  OF  IKE  PAPER:  3/l5 

DISCUSSOR'S  Si ME:  Audone 


AUTHOR'S  BAXE: 


O.L.  Veins  .ook 


OOMMEFfSi 

Early  in  the  Mating  we  heard  about  problitms  expeoted  by  aircraft  manufacturers  in  the  application  of  CFC. 
the  author  of  this  paper  now  olaimo  that  there  ia  no  problem.  Ia  thia  beoauae  the  equipment  atandard  waa 
improved  to  meet  the  new  situation? 

AUTHOR’S  REPLY: 

Hiring  was  very  careful1/  shielded.  Additional  equipment  requirements  were  added  also;  they  included 
transformer  coupling.  Effort  was  made  to  improve  fuselage  bonding  on  the  Fl8.  Problems  oould  have  been 
expected  but  the  engineers  were  forewarned  and  designs  were  arranged  to  Met  likely  problem  areaa.  Weight 
rather  than  prioe  was  a  major  consideration;  equipment  weight  ia  eapeoially  important  in  the  AV8-B 
airoraft.  PreoaiitJona  were  taken  therefore. 

REFERENCE  So.  OF  THE  PAPER:  3/ 15 

DISCUSSOR’S  NAME:  J.H.  Aahworth 

AUIHOR’3  HAKE:  O.L.  Weinstock 

COKaEHPS: 

It  has  been  stated  that  there  was  no  deteotable  difference  if  the  antenna  ground  plates  were  grounded  to 
OFC  or  not.  If  this  is  true  it  ia  very  puzzling.  Can  the  author  explain? 

AUTHOR’S  REPLY: 

The  author  stated  that  he  was  not  an  antenna  expert.  He  suggested  that  the  available  ground  plane  need 
not  be  a  good  conductor  but  performance  would  depend  on  the  antenna  type.  Teste  were  perforMd  for  the 
US  Navy  during  1974-75* 

In  a  further  comment  the  British  Aerospaoe  attendee  from  Woodford  UK  claimed  that  metal  airoraft 
experience  had  shown  that  an  adequate  bond  was  essential. 

REFERENCE  No.  OF  THE  PAPER:  3/l5 

DISOUSSOR’S  NAME:  F.S.  Stringer 

AUTHOR’S  NAME:  O.L.  Weinstock 

COMMENTS: 

What  is  the  true  cost  of  the  Fl8  exercise  so  far  as  systems  are  concerned  to  solve  the  problems  imposed  by 
the  use  of  OFC?  Would  a  lot  of  man-hours  be  required  at  significant  oost  to  prepare  the  total  airoraft  to 
meet  the  electromagnetic  problems? 


AUTHOR’S  REPLY: 

The  coot  ;o  obtain  system  compatibility  in  the  Fl8  as  a  result  of  using  CFC  is  not  known  exactly,  but  it 
is  estimatad  to  be  very  small  in  relation  to  total  program  oosts. 

REFERENCE  No.  OF  THE  PAPER:  3/l5 

DISCUSSOft’S  N.’ME:  J.M.  Thomson  (UK) 

AUTHOR’S  NAME:  O.L.  Weinstock 


COMMENTS: 

What  radio  transmitters  do  your  airoraft  carry?  In  particular,  do  you  carry  HF  sets  operating  in  the 
2-30  NHa  band?  If  you  do  not,  is  this  the  reason  you  do  not  have  EMC  problems?  Do  you  have  any  intention 
of  installing  HF  systems  and  do  you  foresee  any  problems? 


AUTHOR’S  REPLY: 

Our  airoraft  oarry  radio  transmitters  using  frequencies  of  30  MHz  and  higher.  We  carry  no  2-30  MHs 
transmitter.  However,  extensive  radiated  susceptibility  tests  were  performed  by  the  US  Navy  in  the  HF 
range  (2-30  MHz)  and  NO  EMC  problems  were  noticed.  If  our  customers  specify  HF  radios  we  will  provide 
them  in  our  aircraft. "“Wtil  tests  are  performed,  it  is  difficult  to  estimate  if  any  problems  will  occur. 


vtJ  i 
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HSTBOSCE  Ho.  07  THE  PAPER  3/l5 

DISCUSSOR'S  SAXE:  J.C.  ELeine 

AUTHOR'S  KANE:  O.L.  Woinstook 

COMMENTS: 

Hero  field  strength  effects  noted  on  the  718  or  not,  due  to  carbon  fibre  composite  application? 
AUTHOR'S  REPLY: 

There  were  no  serious  problems.  The  718  has  landed  successfully  on  an  aircraft  carrier.  Some  minor 
problems  such  as  ground  power  supply  were  experienced. 

REVERENCE  Ho.  07  THE  PAPERS  3/l5 

DISCUSSOR'S  HUEs  0.  Orion 

AUTHOR'S  HUES  O.L.  Weinatook 

COMMENTS s 

What  measurements  were  made  to  oheok  that  the  value  of  20  dB  was  satisfactory?  It  seems  to  be  a  low 
figure,  why  oould  it  not  be  improved?  I  think  that  you  will  need  to  introduce  a  conductive  bond;  you 
could  get  a  much  better  value  without  undue  difficulty. 


M 

U  ' 


AUTHOR'S  REPLY: 

It  is  difficult  to  make  measurements  inside  an  aircraft.  The  real  value  was  perhaps  better  than  20  d£. 
The  design  figure  was  26  dB  and  in  faot  it  may  have  been  30-40  dB  on  test. 

REFERENCE  Ho.  07  THE  PAPER:  3/l5 

DISCUSSOR'S  NAME:  0.  Orion 


AUTHOR'S  HUE: 


O.L.  Vieinstook 


i 


COMMENTS: 

In  your  presentation,  you  mentioned  that  fuel  system  ha.B  to  be  grounded. 

Beoause  part  of  the  fuel  circuitry  is  routed  underneath  oarbon  panels,  did  you  introduce  new  lightning 
protections?  (ie  larger  tube  section).  We  know  that  a  large  amount  of  ourrent  oould  transfer  through  the 
pipes  instead  of  flowing  through  the  structure  as  it  is  the  oase  with  an  all-metal  airoraft. 

We  did  introduce  a  better  protected  fuel  guaging  system  and  improved  its  resistance 
to  Induced  voltages 

REFERENCE  No.  07  THE  PAPER:  Session  II  and  III  -  Overall  Discussion 

DISCUSSOR'S  NAME:  B.J.C,  Burrows 

AUTHOR'S  NAME:  0.  Weinstook 

COMMENTS: 

The  importance  of  geometry  in  screening  is  equally  valid  for  wires  behind  oarbon  doors,  aa  for  wires  in 
aperture  regions,  as  the  oookpit.  Much  of  the  present  suooesB  in  introducing  oarbon  fibre  materials  to 
airoraft  and  lack  of  EMC  and  lightning  problems  probably  oooes  from  the  natural  soreening  provided  by 
the  natal  structure. 

Do  MoDonnell  ground  their  twisted  pair  wiring  screens  both  ends,  and  if  not,  how  do  ytu  relieve  the 
problem  of  oommon  node  voltages;  by  transformers? 

AUTHOR'S  RIPLY: 

I  agree  with  the  first  comment. 


Yes,  we  ground  twisted  pair  wiring  screens  at  both  ends. 
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RKHREVCE  Vo.  Of  OT  PAFOti 
DISCUSSOR'S  SUBl 
AUTHOR'S  HAVE* 


r.  Hildsbrsndt,  MSB 
0.  Wains  took 


COtMBRSi 

Jtor  the  trials  you  compared  A1  sample*  with  oar bon  fibre  ones,  with  respect  of  shielding  capability. 

Nhs  the  thickness  of  osrbon  fibre  samples  made  aooording  to  stress  requirement*  or  electric  conductivity 
eto  requirements  (taking  into  aooount  your  mentioning  of  praotioally  no  ditferenee  in  eleotrio  performance)? 

AUTHOR'S  REPLY* 

The  thickness  of  the  carbon  composite  material  was  for  the  most  oart  determined  by 
structural  reauiremente .  Some  testing  was  performed  however,  on  thin  1  or  2  ply  mat¬ 
erial  for  c -umari'ion  mirnoues. 

RKJSEBTE  Vo.  OP  THE  PAPER:  Session  II  and  III  -  Overall 


mSCUSSOH'S  VUE* 
CO  JOUSTS* 


C.  Blake,  USAP 


Relative  to  aodifioationa  to  Military  Standards  or  Specifications  the  oomuent  was  that  tho  raodifioationu 
are  definitely  necessary,  eg  bond  specification  ohangoe  j  however,  insufficient  data  exists  on  which  to 
base  such  changes.  Rather,  as  peculiar  deviations  are  necessary,  they  must  typically  be  handled  as 

one-time  changes. 

< 

It  is  unlikely  that,  given  good  definition  of  necessary  changes, { the  specifications  and  standards  would 
be  rapidly  modified.  . 

nKBTOKmK  So.  OP  THE  PAPER*  Session  II  and  III  -  Overall  / 


DISCUSSOR'S  HAKE: 


R.H.  Evans 


CCMNORSi 

I  agree  that  many  specification*  on  SMC  and  lightning  have  not  yet  been  revinod  in  lino  with  i-eoent 
advances  in  technology.  However,  the  MATO  Air  Electrical  Working  Party  on  Standardisation  is  actively 
considering  a  new  lightning  tasting  standard,  based  on  documents  issued  by  SAJ£  in  USA  and  the  (fulham 
Laboratory  in  UK.  Also  I  understand  that  3AE  are  drawing  up  reoomaundation*  for  the  revision  of  the 
QIC  Specification  ML  461/462,  and  the  UK  is  taking  part  in  those  disouseiona.  In  the  meantime, 
specifications  *ov  new  aircraft  projects  use  existing  general  specifications  so  for  us  this  is  po no ibis, 
but  with  soma  of  the  test  methods  and  test  limits  changed  to  correspond  to  present-day  needs. 

REVERENCE  Ho.  OP  THE  PAPER*  Session  II  and  III  -  Overall 


DISCUSSOR'S  SAME* 


0.  Du  Bra 


CONMEBTS: 

1.  I  should  lD:e  to  make  a  point  concerning  tho  need  for  ooroful  and  validated  design  for  aircraft 
utilising  oomposites.  When  measurements  for  shielding  effectiveness  were  made  by  Air  Poroo  Plight 
Dymmios  Laboratory,  samples  for  honeycomb  enclosed  composites  indicated  that  E-M  energy  was  enhunoed 
rather  than  attenuated,  in  a  frequency  range  10- JO  kHz,  a  range  whioh  reflect a  a  maximum  power  spectral 
density  (energy)  for  a  lightning  dlreot  stroke.  No  matter  whether  the  raoauuremento  wore  properly  made 
with  or  without  proper  grounding  techniques,  the  wore  occurrence  of  such  phenomena  shows  an  especially 
unexpected  negative  result, 

2.  Secondly,  I  wish  to  emphasize  strongly  a  perception  stated  in  thio  meeting.  Composites  are  not  a 
problem.  In  faot,  they  afford  substantial  benefits  - 

increased  strength-to-weight  ratio 
improved  energy  efficiency. 

The  issue  is  how  to  address  an  integration  of  new  emerging  technologies  without  excessive  oost  or 
decreased  performance. 


i*ii  iVtiiiwM.T-.'V  SYlva’  .  v, 
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SESSION  IV 

REFERENCE  So.  OF  TBE  PAPER:  4/16 

DISOUSSOR'S  NAME:  R.H.  Evans 

AUTHOR'S  NAME:  R.  Weber 

comaarsj 

Would  the  speaker  please  say  what  ohanges  In  the  electrostatic  oharaoteriatioo  of  aircraft  are  likely  to 
be  introduced  by  the  use  of  oar bon  fibre  oomposites. 

AUTHOR'S  REPLY! 

On  ne  peut  pas  donner  un  avis  definitif  pour  un  mate'riau  aussi  heterogene  que  le  composite  oarbone.  Nos 
fabrications  aotuelles  oonduisent  a  dea  epaisaeurs  de  resine  en  surface  tenement  peu  epaisses  que  les 
fibres  de  oarbone  permettent  toujours  une  oertaine  conductivity  -  le  prooeasus  de  conductivity  est  le 
mems  que  oelui  par me tt ant  a  dee  ohanges  eleotrostatiques  de  traverser  une  point ure  isolante  deposes  sur 
une  surfaoe  metallique. 

REFERENCE  No.  OF  THE  PAPER!  4/16 

DISOUSSOR'S  NINE:  0.  Orion 

AUTHOR'S  NAME:  R.  Weber 

COMMENTS: 

1.  Dea  techniques  existent  aujourd'hui  pour  protdger  les  surfaces  optiquement  transparentes  lorsque 
oolles-oi  sont  realise'  en  verre.  A  oe  jour,  on  ne  oonnait  pas  de  traitement  pour  les  surfaces  realise'es 
nveo  des  materiaux  plastiques  (oas  des  verrieres)  qul  soit,  sow  l'aspeot  de  la  resistance  a  l'drosion, 
acceptable. 

2.  VHP.  Bien  que  les  bruits  d'origine  dleocrostatique  soient  reduits  par  rapport  a  oeux  observes  en 
plus  basso  frequence,  il  exists  neanmoins  dea  oas  ou  les  perturbations  dans  le  communication  VHF  et  oelles 
engendrios  dans  les  systems  de  radio  navigation  VHF  sont  tree  pdndisantes  et  neoessitent  1 'application  de 
techniques  de  proteotion. 

3.  VLP.  Un  moyen  de  reduire  l'influenoe  des  perturbation  dans  oette  gamme  ost  d'utiliser  des  antennas 
oaptant  la  oomposante  magnetique  du  ohamp. 


AUTHOR'S  REPLY: 

1.  Tout  a  fait  d'aooord  unis  il  semble  qu'il  existe  une  possibility  oonsistant  a  placer  dans  le  plastique, 
aueai  prfts  que  possible  de  la  surface  extdrieure,  une  trains  metallique  similaire  a  oelle  utilises  pour 
oertuinu  re'seaux  ohauffants  de  degivrage. 

2.  Le  traitement  qui  aura  applique  pour  lea  basses  fre'quenoes  oonviendra  egalement  aux  hautes  fre'quences. 

3.  Ii  est  treo  pj'obubleu  que  da  nouve.Ues  antonnes,  oaptant  le  oomposante  magnetique  du  ohamp  seraient 
beauooup  moinu  perturbo’es.  Ibis  sont-elles  au  point  aotuellemsnt? 

REFERENCE  No.  OF  THE  PAPER:  4/16 

DISOUSSOR'S  NAME :  Borgonovo  -  Italy 

AUTHOR'S  NAME:  R.  Weber 

COMMENTS: 

What  type  of  statio  protection  has  been  used  to  drain  statlo  oharges  from  windshields  and  other  cockpit 
transparencies?  How  much  were  the  optioal  properties  of  the  transparencies  degraded? 

AUTHOR'S  REPLY: 

Les  pare-brise  en  verre  sont  traites  par  depot  a  ohaud  d'unoxyde  d'etain  -  la  transparence  rests  tres 
bonne,  probablement  da  1'ordre  de  80  d  90ft.  Les  pare-bris  en  plastique  ne  sont  pas  aotuellemsnt  traltie, 
mais  il  semble  que  des  solutions  soient  possibles,  par  example  en  utilisant  a  proximite'  inme&iate  de  la 
surface  exterieure,  des  grillages  metalliques  tele  que  oeux  utilise's  pour  les  reseaux  ohauffants  de 
de'givrage. 


D-19 


BBMBCK  Ho.  0?  THE  FilDt  4/l7 

DI3C0330R«3  HAKE:  0.  Barton 

AUTHOR'S  HAKE:  B.J.C.  Burrows 

cowsmsi 

Induced  vo 1 tigs  lsvals  of  1000  V/m  wars  predicted  for  a  CFO  fuselage  and  it  was  further  stated  that  it  is 
a  low  frequency  problem  and  therefore  isolating  transformers  in  equipment  can  be  used.  I  doubt  this  is 
true  because  when  considering  1000  v/m  the  possible  induced  ourrent  levels  oould  be  in  excess  of  100  A 
on  all  wires,  ie  Power,  Signal  and  Control. 

AUTHOR'S  REPLY: 

The  1000  v/m  is  a  worst  oase  figure  assuming  wire  routes  do  not  make  use  of  available  screening  from 
metal  and  other  high  conductivity  regions.  Clearly  this  level  may  well  be  too  severe  for  long  routes 
(say  greater  than  1  m).  Hence  wire  routeing  is  important  and  part  of  the  design  problem  is  to  use  routes 
wthioh  have  low  oonsson  mode  voltages.  For  reasonable  values  of  CM  voltage,  isolating  transformers  may 
well  be  satisfactory,  eg  for  data  bus  lines.  By  this  means,  or  some  other,  common  mode  voltage  isolation 
will  have  to  be  provided. 

REFERENCE  Ho.  OF  THE  PAPERS  4/l7 

DIuCUSSOR'S  HAXEs  Q.  Orion 

AUTHOR'S  HAKE:  B.J.C.  Burrows 

COMMENTS: 

Use  of  metal  honeycomb  with  glass  fibre  skins  is  not  recommended  as  far  as  lightning  proteotion  is 
involved. 

By  comparing'  lightning  behaviour  of  metal  honeycomb  with  glass  fibre  alclnB  and  metal  hosieyoomb  with  carbon 
fibre  skins,  is  your  recommendation  not  to  use  metal  honeycomb  with  carbon  fibre  skins? 

AUTHOR'S  REPLY: 

1  have  no  experience  of  glaBS  fibre  skinned  aluminium  honeycomb  sandwich  panels.  However  regarding  the 
lightning  threat  there  should  be  no  physical  damage  problem  with  it  so  long  as  the  eleotrioal  insulation 
of  the  glass  fibre  prevents  all  risk  of  ourrent  flowing  in  the  honeycomb. 

As  a  general  reply  1  should  like  to  say  that  aluminium  honeycomb  car.  be  successfully  used  both  in  glass 
fibre  and  oarbon  fibre,  but  eaoh  application  must  be  considered  on  its  merit  for  safety. 

RESERMCE  No.  OF  THE  PAPER:  4/lfi 

DISCUSSOR'S  NAME:  Little 

AUTHOR'S  NAME:  Heiohele 

COMMENTS: 

Thin  aluminium  foil  (~10  p m)  or  a  similar  covering  vacuum-deposited  would  give  a  smoother  profile  than 
the  oarbon  fibres  themselves  beouuee  the  aluminium  would  lie  on  top  of  the  epoxy  resin  surface.  The 
mechanical  properties  should  not  be  much  affected  by  such  a  thin  layer:  would  the  performance  as  an 
antenna  be  improved?  Are  there  any  extra  problems  that  would  result? 

AUTHOR'S  REPLY: 

A  smooth  oover  of  aluminium  foil  or  vaouum-deposited  aluminium  usually  improves  the  RF  performance 
of  the  CSHP- surface.  But  there  are  many  problems  whioh  have  to  be  considered.  Xetallio  surfaces  of  high 
aoouraoy  foous  the  sunlight  in  the  paraboloid.  Therefore  the  refleotor  has  to  be  covered  by  paints 
diffusing  the  sunlight  in  order  to  avoid  heating  and  destruction  of  the  fuel  system. 

Another  aspect  is  that  from  the  connections  between  CJRP  and  aluminium  problems  ariso  because  of  the 
different  thermal  expansion  ooeffioientB.  Therefore  it  is  difficult  to  arrange  oontaot  of  aluminium 
foils  on  the  CIRP  material  so  that  the  conneotiou  can  withstand  the  spaoe  environmental  thermal  conditions. 

A  third  aspect  is  that  facilities  for  vacuum  depositing  of  metal  on  large  refleotors  are  not  available. 
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RE7EREDCE  Ho.  07  TtfE  PAPER t  4/l8 

DISCUSSOR'S  NAME:  Hildebrandt,  KBB  -  Hamburg 

AUTHOR’S  SAME!  Heiohele,  IRQ 

COMMENTS: 

Here  measurements  made  of  the  quality  of  geometry  of  refleotor  under  different  temperature  conditions? 
AUTHOR’S  REPLY: 

The  mechanical  qualification  tests  of  the  CHRP  antenna  have  been  carried  out  by  Cornier  Systems.  I 
personally  have  no  knowledge  of  measurements  of  the  antenna  geometry  under  different  temperature 
conditions.  Cornier  Systems  have  oaloulated  the  thermal  distortions  of  the  antenna  structure  assuming 
different  oases  of  temperature  distributions  on  the  structure  whioh  can  be  expected  in  space.  Hie 
maximum  computed  degradation  of  the  antenna  geometry  from  the  ideal  parabolic  curvature  was  about  0.2  mm. 

REFERENCE  Ho.  07  THE  PAPER:  4/ 19 

DISCUSSOR’S  NAME:  J.C.  Kleine  ESQ  -  Munchen 

AUTHOR’S  HAME:  Hr.  P.  Oeren 

COMMENTS: 

Do  we  have  to  consider  new  and  more  effeotive  measures  to  proteot  the  pilot  inside  an  all-composite 
aircraft? 

AUTHOR’S  REPLY: 

Possibly  wires  attaohed  at  one  end  to  the  airframe  will  experience  large  voltages  at  the  open  end. 

REFERENCE  Ho.  07  THE  PAPER:  4/ 19 

DISCUSSOR’S  NAME:  O.W.  Underwood 

AUTHOR’S  NAME:  Dr.  P.  Oeren 

COMMENTS: 

The  use  of  a  fibre  optios  data  bus  migfrt  appreciably  reduce  the  problems  of  FMC  and  EM?  -  both  for  the 
systems  engineer  and  the  structures  engineer.  Is  Boeing  interested  in  applying  this  technology  and,  if 
so,  within  what  timescale  oould  one  expect  to  see  it  adopted? 

AUTHOR’S  REPLY: 

My  Group,  Systems  Technology,  is  investigating  the  applications  of  Tibre  Optios  (p/o)  to  avionics.  Ab  a 
Group,  we  are  promoting  the  incorporation  of  F/o  into  future  Boeing  aircraft.  I  believe  tii&t  7/0  will  bn 
included  in  the  suooessor  to  the  787/757,  provided  there  are  no  insurmountable  reliability/maintensnoe 
problems. 

REFERENCE  Ho.  07  THE  PAPER:  4/ 19 

DISCUSSOR’S  NAME:  B.J.C.  Burrows 

AUTHOR’S  HAME:  Dr.  P.  Oeren 

COMMENTS: 

1.  You  mentioned  the  need  for  calculating  the  additional  effeot  of  screening  by  oontrol  wires,  metal 
hydraulic  pipes  etc.  Tor  2D  geometry  this  oan  be  aooomplished  now  (for  the  lightning  frequency  range  up 
to  ~ 1  MHz)  by  the  use  of  Culham's  computer  program  INDCAL. 

2.  Does  the  swept  OH  system  enable  you  to  measure  really  low  interference  levels  in  wires,  since,  for 
the  test  current  used,  you  need  to  measure  signal  levels  in  the  region  of  microvolts,  whioh  is  below  the 
noise  level  of  the  reoeiver? 

AUTHOR'S  REPLY: 

1.  The  additional  screening  I  desoribed  is  generally  due  to  espectb  of  the  geometry  whioh  may  not  be 
treated  as  2-D  structures. 

2.  In  our  swept-CH  tests,  we  systematically  perform  coherent  noise  measurements.  He  oonsider  a 
signal/coherent  noise  ratio  of  20  dB  aooeptable. 


-  -jv  'i  1 


R2HSRENCE  No,  OP*  THE  PAPER:  4/ 19 

BISCUSSOR'S  KANE:  0.  Keinstook 

AUTHOR'S  HAKE:  Dr.  P.  Geren 

COMMENTS: 

Reduction  of  lightning  induced  voltage  by  using  twisted  pair  balanced  wiring  as  opposed  to  a  single  wire 
has  been  found  to  be  60  to  60  dB  reduction,  I  think  the  40  dB  reduction  mentioned  by  the  Author  to  be 
very  conservative.  Our  test  results  show  60  to  80  dB  for  our  wire  and  cable  methods. 

AUTHOR'S  REPLY: 

The  40  dB  figure  was  a  pessimistic  guess.  1  am  pleased  to  note  that  you  found  a  60  to  80  dB  reduction  in 
actual  installations.  Undoubtedly  the  oirouits  were  very  well  balanced. 

REFERENCE  No.  OP  THE  PAPER:  4/l9 

DISCUSSOR'S  NAME.  C.  Blake 

AUTHOR'S  NAME:  Dr.  P.  Oeren 

COMMENTS: 

Could  you  deeoribe  the  extent  of  the  conservatism  implied  by  assuming  Bingle-ended  structural  return 
wiring.  What  is  a  number  that  would  be  expected  in  a  more  realistic  design? 

AUTHOR'S  REPLY: 

A  pessimistic  guess  is  40  dB  reduction  for  differential  mode  voltage  with  twisted  pair  wiring  and 
balanoed  loads.  0.  Weinstook's  experience  with  the  F18  is  60  to  80  dB  reduction 

REFERENCE  No.  OF  THE  PAPER:  4/ 19 

DISCUSSOR'S  NAME:  Jaoobsen,  AUP  Member  Germany 

AUTHOR'S  NAME:  Dr.  P.  Geren 

COMMENTS: 

To  what  extern  does  the  pitot  tube  on  the  airoraft  no:  t  r  ■  to  the  lightning  threat? 

AUTHOR'S  REPLY: 

Considerably.  The  pitot  boom  will  unc’-"'.'  'edly  be  an  attachment  point  for  lightning.  The  boom  must  be 
grounded  to  the  airframe  by  a  heavy  ga  conductor.  Pitot  heater  wiring  must  be  proteoted  by  routeing 
it  inside  tue  lightning  ground  strap. 


SESSION  V 


REFERENCE  No.  OP  THE  PAPER: 
DISCUSSOR'S  MAKE: 

AUTHOR'S  HAKE: 


K.F.  Rogers 
Blake/Corbin 


COMMENTS: 


Thank  you  for  a  most  interesting  paper.  It  is  most  useful  to  see  the  problems  set  out  systenatio&lly  in 
this  way.  Hopefully,  members  of  the  audience  will  be  able  to  supply  some  of  the  answers.  There  is  one 
aspect  that  you  touched  upon  indireotly  under  corrosion,  and  that  is  the  behaviour  of  the  composite  in  a 
wet  environment,  about  whioh  we  have  heard  very  little  at  this  Conference.  As  we  know,  it  oan  affect  us 
by  o hanging  the  eleotromagnetic  properties  of  the  oomposite,  or  by  accelerating  electrochemical  effeotB  at 
joints.  Nay  I  ask  that  we  should  determine  definitely  whether  a  problem  exists,  and  that  the  problem  should 
not  be  lost  in  a  gap  between  this  Conference  and  the  Athens  meeting? 


AUTHOR'S  REPLY: 


I  agree  that  the  environment  is  important  relative  to  degradation.  TCiis  is  to  be  included  in  our 
recommended  programme  to  Headquarters  A.P.  Also,  relative  to  repair  technology  the  broad  subject  is 
little  known  to  the  author;  however,  I  agree  that  it  is  an  issue  which  must  be  dealt  with  and  will  assure 
its  inclusion  in  our  proposal  for  follow-on  work. 

REFERENCE  No.  OP  THE  PAPER:  5/20 


DISCUSSOR'S  NAME: 
AUTHOR'S  NAME: 


0.  Barton 
Blake/Corbin 


COMMENTS: 


When  are  the  electromagnetic  problems  going  to  be  addressed  and  will  they  be  oompatible  with  the  mechanical 
and  structural  programmes?  Will  the  production  of  SpeoifioationB,  standards  to  assist  in  the  solution  of 
possible  EMC  problems,  be  within  the  timescales  of  those  structural  programmes? 


AUTHOR'S  REPLY: 

We  are  involved  in  the  EMC  problems  of  metal  aircraft.  We  do  not  have  enough  quantitative  data  yet  to 
provide  Specifications  to  meet  the  CPC  situation.  We  are  addressing  the  problem  however.  It  is  a  matter 
of  cataloguing  all  the  available  data  and  applying  it  systematically. 

REFERENCE  No.  OP  THE  PAPER:  5/20 

DISCUSSOR'S  NAME:  K.  P.  Rogers 

AUTHOR'S  NAME:  Bleke/Corbin 

COMMENTS: 

May  I  raise  the  problem  of  repair,  whioh  was  not  included  in  your  paper.  For  example,  if  repairs  are 
effected  to  composites  skins  in  the  field,  how  do  you  ensure  that  electrical  bonding  is  effected  acre 
the  repair?  If  this  is  not  adequate  the  EM  properties  of  the  skin  will  be  altered  and  the  positions  ,  . 
maximum  field  intensity  within  the  aircraft  may  be  redistributed.  Do  you  have  any  plans  for  work  in  this 
area? 

AUTHOR'S  REPLY: 

This  topic  has  been  raised  many  times.  It  haB  bean  addressed  and  was  unfortunately  not  included  in  the 
paper.  It  will  be  covered,  adequately  in  future  however. 


REFERENCE  No,  OF  THE  PAPER:  5/20 

DISCUSSOR’S  NAME:  B.W.  Smithers  (ERA  Technology  Ltd.,  UK) 


DISCUSSOR’S  NAME: 
AUTHOR’S  NAME: 


COMMENTS: 


C.L.  Blake 


A  Vu-graph  shown  by  the  Author,  but  not  reproduced  in  his  paper,  was  a  lucid  flow  chart,  part  of  which 
emphasised  the  need  for  adequate  oharaoterisation  of  CFO  constituents  and  properties. 

Me  support  this  view,  which  has  also  long  been  held  by  Mr  K.  F.  Rogers  of  Materials  Department,  RAE,  UK. 

Me  therefore  ask  all  who  present  fundamental  eleotrioal  data  on  CFC,  (eg  resistivity,  screening 
performance  eto),  to  identify  fibre  type  and  resistivity  and  the  resin  type  wherever  possible. 

Fibre  volume  fraotion  is  also  valuable  and  when,  for  example,  oombined  with  do  resistance  values  on  test 
samples  of  unidirectional  material,  (current  flow  in  direotion  of  fibres),  can  add  immense  support  to  the 
plausibility  of  resistivity  values  quoted  at  high  frequencies. 

AUTHOR’S  REPLY: 

The  transcript  indicated  that  the  author  was  of  the  opinion  that  this  matter  is  one  for  the  standardisation 
organisation,  to  be  included  in  future  specifications. 


REFERENCE  No.  OF  THE  PAPER: 


DISCUSSOR’S  NAME: 


AUTHOR’S  NAME: 


0.  Heinstook 
J.  Birken 


COMMENTS: 

With  reference  to  the  statement  that  AV-8B  used  aluminum  foil  for  FM  protection;  actually  there  is  no 
A1  foil  on  the  AV-8B  for  FK  protection  -  a  spray  is  used  for  lightning  proteotion  only,  not  for  UJ 
shielding. 


AUTHOR’S  REPLY: 

I  stand  correoted  on  the  statement  that  A1  foil  is  used  on  the  AV-8B.  Tin  Bpray  is  used  as  you  say, 
imposing  a  greater  weight  penalty  than  A1  foil  to  avoid  oorrosion.  Our  definitions  of  shielding  differ. 
Any  means  that  modifies  aircraft  surface  ourrent  distribution  Js  alters  the  internal  electromagnetic 
field  hence  this  may  be  oonstrued  as  shielding. 

REFERENCE  No.  OF  THE  PAFEK:  5/2 1 


DISCUSSOR’S  NAME: 


AUTHOR’S  NAME: 


W.  Basoora 


0.  Birken 


COMMENTS: 

I  understood  that  the  butt  joint  involves  using  bolts  througn  the  composite  section.  Although  CFRP  iB 
very  tough  in  the  ’through  fibre’  direction  the  interlaminar  toughness  of  epoxy-graphite  composites  1b 
very  low;  slightly  higher  than  the  epoxy  itself.  The  probability  of  fatigue  interlaminar  orack  growth  is 
very  great  and,  although  laboratory  testB  of  bolted  material  may  be  satisfactory,  it  is  my  opinion  that 
the  risk  is  very  real.  The  cost  of  the  stop  joint  may  not  be  all  that  high  in  the  long  term. 


AUTHOR’S  REPLY: 

Extensive  examination  of  joints  commonly  being  used  for  production  aircraft  as  woll  as  composite  joints 
for  future  composite  aircraft  quickly  demonstrated  that  butt-joints  are  the  prime  joint  generic  family. 

REFERENCE  No.  OF  THE  PAPER:  5/2 1 


DISCUSSOR’S  NAME: 
AUTHOR’S  NAME: 


T.A.  Col lings 


J.  Birken 


COMMENTS: 

It  is  implied  that  bolted  joints  in  CFRP  are  inefficient.  Work  at  RAE  Fhrnborough  has  shown  that  statically 
CFRP  joints  are  more  efficient  on  a  specific  strength  basis  than  other  methods.  Evidence  exiBts  to  suggest 
that  they  are  also  better  in  fatigue, 
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REFERE2TCE  No.  OF  THE  PAPER:  5/21 


DISCUSSOR'S  NAME: 
AUTHOR'S  NAME: 


u.  Skorczewski 


J.  Birken 


COMMENTS: 

1.  The  trend  in  oomponent  technology  seems  to  he  towards  lower  power,  higher  density,  more  sensitive 
devices  (eg  silicon  components). 

Is  the  author  confident  that,  in  the  absence  of  effective  airframe  shielding  due  to  increased  use  of  CSC 
material,  the  alternative  protection  methods  referred  to  (twin  twisted  wire,  balanced  loads,  oable 
screening)  will  he  sufficient. 

2.  Are  additional  protection  methods  required? 

3.  Should  we  he  locking  towards;  inherently  harder  devices? 


AUTHOR'S  REPLY: 

1,2.  Yes,  the  protection  technology  is  available.  The  key  problem  is  that  of  deoiding  how  much  protection 
is  needed. 


3.  Designing  hardness  into  devioes  is  desirable,  however,  satisfying  the  high  density  required  by  likely 
future  devioes  makes  this  diffioult. 


REFERENCE  No.  OP  THE  PAPER:  5/2 1 


DISCUSSOR'S  NAME: 


C.  Blake 


AUTHOR'S  NAME: 


COMMENTS: 


J.  Birken 


A  question  relative  to  the  ability  to  deal  with  increasingly  sensitive  electronic  circuits  or  components. 
The  comment  made  was  that  a  joint  (combined)  USAP,  NAVY,  NASA  and  EAA  programme  on  Atmospheric  Eleotrioity 
Hazards  Protection  is  intended  to  deal  with  this,  inoluding  the  effeotB  of  lightning  induced,  energy.  This 
programme  will  oover  composite  structures  as  well  as  metals, 

AUTHOR'S  REPLY: 

The  Author  meets  with  the  questioner  at  these  Atmospheric  Eleotrioity  Hazards  meetings  and  is  Director  on 
the  Naval  portion  of  their  programme. 

REFERENCE  No.  OP  THE  PAPER;  5/21 


DISCUSSOR'S  NAME: 


T.A.  Col lings 


AUTHOR'S  NAME: 


J.  Birken 


COMMENTS: 


Can  the  author  be  more  explicit  about  moisture  absorption  in  CFRP.  Moisture  oan  be  absorbed  in  many  ways 
and  moisture  gradients  can  be  formed  in  the  composite  that  can  be  as  large  as  2 %  at  the  surface  to  zero  at 
the  centre.  The  average  moisture  soak-up  for  CFRF  for  an  aircraft  service  life  is  given  as  1$,  which  is  a 
quasi-steady  state  that  is  fairly  stable  throughout  the  composite  thiokness.  To  reach  an  average  of  1$  in 
the  laboratory  is  diffioult  and  accelerated  ageing  oan  result  in  a  non-representative  average  of  1$. 

In  looking  at  EMC  problems -with  wet  laminates  it  is  important  that  this  difference  in  obtaining  the  1$ 
moisture  level  should  be  noted.  Since  laminates  soak  up  moisture  from  the  time  they  are  cured  then  moisture 
content  should  be  another  material  parameter  that  is  quantified  and  stated  .s  well  as  fibre  volume  fraction 
and  orientation  etc. 


Thermal  spiking  of  CFRP  can  cause  laminate  cracking,  this  can  lead  to  further  moisture  being  retained  in 
the  micro  oraoks.  Both  the  process  of  oracking  and  further  moisture  pick-up  may  have  implications  on  EMC 
effects. 

AUTHOR'S  REPLY: 

Limited  data  is  available.  The  current  US  Navy  programmes  will  include  an  investigation  of  this  topio. 
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REHERENCE  No.  OP  THE  PAPER i  5/22 

DISCUSSOR'S  NAME:  J.M.  Thomson 

AUTHOR'S  NAME:  R.  Wallonburg  at  a 3. 

COMMENTS 1 

The  last  viewgraph  you  showed  had  details  of  weight  penalties  for  a  givon  shielding  effaotiveneos.  This 
does  not  appear  in  the  Conference  pre-print.  Can  you  arrange  for  it  to  appear  in  the  Conference  proceedings, 
please? 

AUTHOR'S  REPLY: 

The  information  will  be  sent  to  A CARL. 

REFERENCE  No.  OP  THE  PAPER:  5/22 

DISCUSSOR'S  NAME:  K.F.  Rogers 

AUTHOR'S  NAME:  R.  Wallonburg 

COMMENTS: 

May  I  ask  again  a  question  I  asked  Dr  Lodge  on  the  first  day.  Regarding  Pig  7)  Nave  you  considered  the 
effeot  of  meohanioal  loading  and  fatigue  on  the  admittances  of  joints  in  oompositos? 

AUTHOR'S  REPLY: 

At  this  point  in  time,  I  have  not,  but  Boeing  Aerospaoe  Co,  may  have  data. 

REFERENCE  No.  OP  THE  PAPER:  5/22 

DISCUSSOR'S  NAME:  K.F.  Rogers 

AUTHOR'S  NAME:  R.  Wallenburg 

COMMENTS: 

Just  to  note  that,  in  reply  to  the  previous  disoussion,  the  eroBion  protection  in  structures  Buoh  as,  for 
example,  the  projooted  DO  10  fin  is  provided  by  a  sheet  metal  wrap-round  leading  euge  strip,  and  the 
question  of  further  lightning  protection  does  not  arise. 

REFERENCE  No.  OP  THE  PAPER:  5/22 

DISCU330R'S  NAME:  0.  Barton 

AUTHOR'S  NAME:  R.  Wallenburg 

COMMENTS: 

With  reference  to  the  threat  levels  to  component#  and  the  method  of  defining  susceptibility  of  the 
components;  has  any  thought  been  put  into  employing  similar  tests  to  equipment  EMC  qualification  tests 
to  provide  susceptibility  criteria  of  the  equipment  rather  than  just  a  NO, GO  test? 

AUTHOR'S  REPLY: 

I  do  not  have  data.  Integrated  oirouit  suBoeptibility  (degradation)  is  based  on  approximately  0.2  volt 
change  in  output. 

REFERENCE  No.  OF  THE  PAPER:  5/22 

DISCUSSOR'S  NAME:  I.P.  MaoD'.armid 

AUTHOR'S  NAME:  R.  Wallenburg  and  G.  Dike 

COMMENTS: 

Without  any  information  about  the  size  of  the  enclosure  I  was  a  little  unsure  as  to  whether  the  rise  in 
shielding  effectiveness  was  due  to  some  resonance  of  the  enclosure  with  the  wavelength. 

AUTHOR'S  REPLY: 

Uie  enclosure  was  of  cylindrical,  spherical  or  parallel  plate  design.  The  volume  to  surfaoe  ratio  (VS  ■  l) 
specified  the  size  of  the  enclosure. 


*,|  W"wff pyiw^- 
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REFERENCE  No.  OF  THE  PAPER «  5/22 

DISCUSSOR'S  NAME)  Hildebrandt 

AUTHOR'S  NAME)  R.  Wallenburg 

COMMENTS i 

The  Boeing  representative  was  asked  to  desoribe  the  Company  exporionoe  with  erosion  of  proteotive 
o oat logs. 

AUTHOR'S  REPLY) 

The  A1  foil  shielding  for  lightning  induced  transients  is  plaaod  on  the  inside  eurfaoe,  out  of  the  air  flow. 
A  flame  spray,  added  for  proteotion  from  direot  damage  effects  and  P-atatio  reduction,  has  been  shown  to  be 
adequate  from  the  in-sorvioe  record.  I  believe  it  is  also  a  maintenance  item. 

REFERENCE  No.  OF  THE  PAPER)  5/22 

DISOUSSOR'S  NAME)  I.P.  MsoDiermid 

AUTHOR'S  NAME)  R.  Wallenburg  and  0.  Bike 

COMMENTS I 

What  did  you  use  as  your  criterion  for  component  upset? 

AUTHOR'S  REPLY) 

A  change  of  0.2  volts  at  the  output  of  the  integrated  circuit. 

REFERENCE  No.  OF  THE  PAPER)  5/22 

DISOUSSOR'S  NAME)  J.  Birken 

AUTHOR'S  NAME)  R.  Wallenburg 

COMMENTS) 

Joint  admittance  of  operational  degradation  Yj  has  received  a  limited  amount  of  attention.  A  Bhort 
examination  of  Yj  revealed  a  10-fold  reduction  under  vibration. 

REFERENCE  No.  OF  THE  PAPER)  5/23 

DISOUSSOR'S  NAME)  B.W.  Smithers  (ERA  Technology  Ltd. ,  UK) 

AUTHOR'S  NAME)  Prof.  F.  Lincoln  Vogel 

COMMENTS) 

We  have  noted  the  work  done  by  Cajda,  published  in  1978  involving  intercalation  of  carbon  fibres  by  antimony 
pentafluoride  and  hydrofluoric  aoid.  Fibre  breakage  was  a  problem  and  he  discontinued  hie  work  in  view  of 
the  effort  underway  at  the  University  of  Pennsylvania  and  the  Naval  Reeearoh  Laboratory. 

I,  like  many  others,  was  intrigued  to  hear  you  speak  of  your  work  at  the  University  of  Pennsylvania  in 
producing  intercalated  fibres  using  nitric  aoid  or  arsenic  pentafluoride,  with  eleotrioal  conductivities 
exceeding  that  of  oopper  and  undegraded  mechanioal  properties. 

qi.  Is  there  a  significant  toxioity  hazard  in  a  fire  or  crash  involving  an  aircraft  containing  suoh 
materials,  and  what  is  the  proportion  of  arsenic  involved? 

02.  Are  there  significant  toxio  hazards  to  operatives  during  manufacture  and  assembly  of  these  materials? 

Q3,  Are  increased  oorrosive  effects  observed  with  these  doped  materials  when  used  with  fasteners  of, 
say,  monel  or  titanium? 

04.  Are  there  any  deleterious  effeots  on  oable  sheaths  or  insul&nts  in  contact  with  such  dopad  CFC? 
AUTHOR'S  REPLY) 

A1.  The  arsenio  content  is  2J&  to  and  a  hazard  oould  arise.  This  hazard  oould  be  avoided  by  the  use  of 
the  nitrio  aoid  treated  material. 

A2.  Simple  precautions  and  proteotive  equipment  are  required  for  operatives. 

A3.  No  oorrosive  effeots  with  monel  fasteners.  Effeots  with  titanium  are  not  known  at  present. 

A4.  No  deleterious  effeots  on  cable  sheaths  or  insulants  are  expected. 


Addendum 


ELECTRICAL  CONDUCTIVITY  OF  INTERCALATED  GRAPHITE  FIBERS 
AND  ORGANIC  MATRIX  COMPOSITES  MADE  THEREFROM 

by 

Glenn  Davis  and  F. Lincoln  Vogel 
Moore  School  D-2 
University  of  Pennsylvania 
Philadelphia,  PA  1  &  ’  04 
USA 


It  has  been  shown  that  acceptor  intercalation  compounds  of  graphite  which  are 
synthesized  in  well  structured  crystals  have  electrical  conductivities  which  are  comparable, 
and  even  higher,  than  that  of  copper  at  room  temperature.  High  strength,  high  modulus 
carbon/graphite  fibers  demonstrate  an  increase  of  conductivity  on  intercalation  similar  to 
that  in  well  structured  crystals  except  that  since  the  initial  conductivity  of  the  virgin  fiber  is 
lower  than  that  of  the  crystal,  is  correspondingly  lower  in  the  final  intercalated  material. 
The  intercalated  fibers  can  be  used  to  reinforce  epoxy  matrix  composites  thereby  increasing 
the  conductivity  of  the  latter  by  several  orders  of  magnitude.  Furthermore,  new  high 
conductivity  carbon/graphite  fibers  have  been  prepared  which  arc  expected  to  exhibit  >,ven 
higher  conductivity  in  the  organic  composites. 


1.  INTRODUCTION 

Carbon/graphite  fibers  are  finding  increasing  applications  as  the  reinforcing  component  in  epoxy  matrix  composites 
because  of  their  very  high  specific  modulus  and  tensile  strength.  Fibers  of  the  type  that  are  used  to  reinforce  epoxy 
matrix  composites  are  characterized  by  the  crystal  structure  and  properties  of  a  highly  defected  graphite11'1.  The  crystal¬ 
lites  are  highly  oriented  with  the  crystallograpliic  i  axis  parallel  to  the  longitudinal  axis  of  the  fiber  and  c  axis  normal 
there  to. 

The  need  for  a  more  highly  conducting  composite  stems  from  the  trend  currently  in  progress  to  replace  metals  in 
aircraft  structures  with  graphite  fiber  reinforced  composites  which  have  strength,  weight,  and  stiffness  advantages  over 
metallic  materials  but  which  possess  lower  electrical  conductivit) .  As  a  larger  fraction  of  the  aircraft  is  fabricated  from 
graphite  reinforced  composite  it  becomes  vulnerable  from  various  sources: 

Lightning  Strok*.  In  order  for  aircraft  to  escape  serious  damage  from  lightning  stroke,  the  electrical  path  between 
the  points  of  impact  and  discharge  must  be  of  relatively  low  resistance3  -  a  condition  not  satisfied  by  present  composites 
lacking  metallic  content. 

Static  Discharge.  Under  certain  conditions,  which  cannot  always  be  avoided  by  military  aircraft,  an  electric  charge 
develops  on  the  craft  which  on  reaching  a  sufficiently  high  potential  discharges  with  unpleasant,  sometimes  disastrous 
results. 

Electronic  Ground  Plane.  The  electronic  communications  and  navigations  equipment  in  aircraft  require  a  common 
ground  connection  maintained  by  a  low  resistance  path.  Tliis  is  more  difficult  to  provide  as  a  larger  fraction  of  the 
structure  becomes  non  conducting. 

Shielding.  The  sensitive  electronic  equipment  inside  an  aircraft  is  protected  from  electromagnetic  interference  (EMI) 
and  electromagnetic  pulses  (EMP)  by  the  conducting  skin  which  in  the  case  of  present  composites  would  be  of  much 
reduced  effectiveness. 

In  the  general  electronics  area  an  urgent  need  is  developing  because  of  the  conveigence  of  three  factors.  First, 
electronic  computer  controls,  now  becoming  widespread  in  use,  are  increasingly  sensitive  to  minute  currents  and  voltages. 
Present  generation  MOS  circuitry  can  change  its  state  with  currents  as  small  as  10_n  amperes  and  currents  of  10-16 
amperes  are  expected  to  be  effective  in  operation  of  this  type  of  circuit  in  the  future.  This  means  that  very  small  induced 
currents  can  disrupt  sensitive  control  mechanisms.  Second,  the  space  around  us  is  being  filled  with  electromagnetic 
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radiation  from  a  wide  variety  of  sources  and  having  a  broad  spectrum  of  characteristics5’4*7.  This  can  have  a  relatively 
modest  effect  such  as  may  be  encountered  by  a  home  computer®  or  a  mobile  communications  system,  or  it  may  be 
critical  such  as  on  the  flight  deck  of  an  aircraft  carrier  where  the  atmosphere  is  literally  charged  with  signals  of  all  descrip¬ 
tions.  Third,  there  is  a  trend  to  replace  metals  with  reinforced  plastics,  polymers  and  epoxies.  As  a  result  of  the  lower 
electrical  conductivity  of  these  organic  materials  the  protection  afforded  by  the  metals  to  the  transmission  of  electro¬ 
magnetic  radiation  is  absent  and  thus  the  hazard  goes  unabated. 

All  of  the  problem  areas  delineated  above  benefit  from  the  advent  of  highly  conducting  graphite  fibers  with  good 
mechanical  properties  which  could  be  used  as  reinforcing  for  organic  matrix  composites. 

2.  TECHNICAL  BACKGROUND 
2.1  Graphite  Fibers 

Graphite,  a  semi-metal,  is  a  moderately  good  conductor  of  electricity  with  a  conductivity  a4  (3Q0K)  — 

2.55  x  104S2-1cm_1  (Refs  9,  10),  the  subscript  “a”  indicating  a  measurement  parallel  to  the  hexagonal  planes.  This  value 
results  from  a  mobility  p  ~  1.2  x  104  cm2/vo!t-sec  and  an  equal  density  of  holes  and  electrons  of  n  (300K)  =  p  = 

6.7  x  10,s/cm3.  The  conductivity  of  highly  oriented  pyrolytic  graphite  (HOPG)  in  the  direction  normal  to  the  planes  is 
less  by  a  factor  of  about  3000,  with  ac  in  the  range  of  1  to  10  £2-1  cm-1  (Refs  3, 4)  the  variation  probably  being  caused 
by  variations  in  planar  defects  parallel  to  the  hexagonal  planes. 

Carbon/graphite  fibers  demonstrate  a  much  lower  electrical  conductivity  than  three  dimensional  crystals  ranging 
from  25  Sl~l  cm-1  for  very  poorly  structured  carbon  fibers  made  from  pitch  to  3000  J2~*  cm-1  for  the  most  highly 
graphitic  commercial  fibers11.  This  relationship  between  structural  order  as  determined  by  elastic  modulus  and  the 
electrical  conductivity  has  been  known  for  some  time12*13.  Bright  and  Singer14  studied  the  relationship  between 
structural  perfection  as  determined  by  x-ray  diffraction  and  electrical  conductivity  for  various  temperatures  of  treatment 
of  pitch  precursor  fibers.  For  their  highest  temperature  of  treatment,  3000°C,  the  electrical  conductivity  was  in  excess 
of  6000  £2~‘  cm-1.  In  a  further  paper,  Bright15  analyzed  resistivity  and  magnetoresistance  data  using  a  development  of 
Yazawa’s  model16.  He  was  able  to  explain  in  a  semi-quantitative  way  the  unusual  negative  magnetoresistance  of  poorly 
graphitized  fibers  and  the  change  to  positive  magnetoresistance  as  the  heat  treatement  temperature  (HTT)  increased, 
bringing  about  a  more  nearly  three  dimensional  (3-D)  structure. 

A  significant  piece  of  research  on  fibers  done  in  Japan  by  Endo  and  his  colleagues  at  Shinshu  University  has  received 
scant  notice  in  this  country  but  has  produced  some  startling  results.  Endo’s  fibers  are  grown  on  ceramic  or  graphite  sub¬ 
strates  by  thermal  decomposition  of  vaporized  hydrocarbon  such  as  benzene  at  ~  1 1 00°  C  using  metal  particles  as 
catalysts17.  The  fibers  range  in  diameter  from  3  to  100  pm  and  length  from  10  to  23  cm.  The  electrical  resistivity, 
tensile  strength  and  Youngs  modulus  were  found  to  be  1-2  x  10-3  ohm-cm,  >50,000  psi  and  25  x  106  psi  respectively. 
Scanning  electron  microscopy  revealed  a  scroll  type  structure  and  the  x-ray  orientation  was  determined  to  be  a"  parallel 
to  the  longitudinal  axis  of  the  fiber  and  cT  in  the  radial  direction.  In  common  with  either  PAN  based  fiber  or  the  pitch 
based  kind,  the  properties  of  interest  are  improved  by  heating  the  vapor  grown  fibers  in  the  range  2000°  to  3000°C  for 
30  minutes.  On  heating  to  about  2600-2800°C  the  vapor  grown  fibers  undergo  an  increase  in  perfection  which  is  shown 
by  the  ooS  x-ray  diffraction  lines18.  The  graphite  lattice  constant,  C0,  decreases  from  its  starting  value  of  6. 9QA  to 
6.72A  indicative  of  a  conversion  from  a  two  dimensional  (2-D)  to  a  three  dimensional  (3-D)  graphite  structure.  Under  the 
same  conditions  the  C0  of  a  PAN  fiber  decreases  from  6.90A  to  6.82A. 

The  ideal  C0  for  graphite  is  6.73A.  This  conversion  to  a  perfected  3-D  graphitic  structure  brings  with  it  other 
property  changes  such  that  a  fiber  with  10  pm  diameter  displays  a  tensile  strength  of  625,000  psi  and  a  Youngs  modulus 
of  38  x  10s  psi  (Ref.  19).  The  resistivity  of  the  high  temperature  heat  treatment  vapor  grown  fibers  is  60—100  pm  cm 
(Ref.  19)  -  the  lowest  values  ever  reported  for  a  graphite  fiber  and  a  close  approach  to  the  ideal  graphite  ~t  axis  resistivity, 
p4  =  40  x  10-6  n  cm. 

The  property  values  quoted  for  this  vapor  grown  fiber  after  high  temperature  heat  treatment  give  a  firm  indication 
that  this  fiber  has  a  highly  perfected  3-D  structure  which  makes  it  a  good  candidate  as  a  starting  material  for  intercala¬ 
tion  to  achieve  high  electrical  conductivity.  Furthermore,  the  ratio  of  the  Youngs  modulus  to  the  tensile  strength  of  this 
fiber  indicates  a  larger  strain  to  fracture  for  this  fiber  than  is  generally  experienced  with  the  PAN  or  pitch  based  variety. 
This  characteristic  presages  favorable  mechanical  properties. 

Based  on  several  types  of  physical  property  measurement,  we  may  summarize  the  properties  of  carbon  fibers  of 
interest  at  ~3QQK  in  the  following  way: 

(1)  Graphite  planes  are  approximately  aligned  along  the  axis  of  the  fiber.  C-axis  are  therefore  perpendicular  to  the 
fiber  axis,  but  are  more-or-iess  randomly  oriented  in  the  perpendicular  plane.  The  manner  in  which  the  c-axes 
are  aligned  with  respect  to  each  other  in  this  plane  varies  considerably.  In  the  present  case  i.e.  vapor  grown 
fibers,  a  “scroU"  structure  has  been  observed.  In  some  commercial  fibers  a  somewhat  similar  arrangement  of 
c-axes  outwards  from  the  fibers  a?-:s  has  been  observed  (radial  structure)  while  in  others  the  c-axes  are  nearly 
random. 
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(2)  Although  the  heat  treatment  temperature  (HTT)  is  generally  not  a  sufficient  parameter  for  specifying  the 
physical  properties  of  fibers,  it  has  been  found  that  materials  prepared  from  the  same  precursor,  and  treated 
under  similar  conditions,  have  properties  which  vary  in  a  sensible  way  with  HTT.  In  particular,  with  higher 
HTT  the  graphitization  process  becomes  more  complete.  These  changes  in  structure  are  reflected  in  the  resisti¬ 
vity  of  the  fiber,  and  it  has  been  suggested12113  that  many  properties  such  as  fiber  strength,  can  be  correlated 
better  with  either  the  electrical  resistivity,  or  its  temperature  dependence  than  HTT. 

(3)  The  stacking  of  planes  within  a  region  characterized  by  a  given  C-axis  is  sufficiently  random  for  poorly 
graphitized  fibers,  that  the  electronic  overlap  parameter  (Ref.3)  is  essentially  zero,  and  the  band  structure  is 
more  nearly  that  of  two-dimensional  graphite.  This  2D  nature  is  particularly  associated  with  negative  magneto- 
resistance  1S’“.  In  the  2D  case  the  valence  and  conduction  bands  do  not  overalap  but  just  touch. 

However,  the  Fermi-level  is  depressed  from  the  intrinsic  value  by  the  presence  of  acceptors  (related  to  defects), 
so  that  the  number  of  free  carriers  in  the  conductivity  formula: 

a  =  nep 

is  controlled  by  the  defects.  For  very  defective  (poorly  graphitized)  fibers  the  relaxation  time  is  so  short 
(~  1 C T1S  secs)  that  the  electronic  states  are  broadened  considerably  as  shown  in  Figure  2(d). 

(4)  Fibers  with  heat  treatment  at  260Q~2800°C  prepared  by  decomposition  of  benzene  or  other  hydrocarbon 
vapors  appear  to  develop  electronic  characteristics  of  3D  graphite.  This  must  be  related  to  the  improved 
stacking  of  adjacent  planes  in  the  regular  -  ABAB  —  sequence  of  crystalline  graphite.  Accordingly,  the 
electronic  structure  might  more  nearly  be  that  which  has  a  Fermi  level  depressed  by  the  presence  of  acceptors. 
For  these  3D  fibers  the  magnetoresistance  becomes  positive  in  all  temperature  and  magnetic  field  ranges 
studied.10 

(5)  Although  the  properties  of  the  fibers  will  be  inhomogeneous  on  a  microscopic  scale,  it  is  reasonable  to  assume 
that  they  are  homogeneous  on  a  macroscopic  scale,  e.g.  along  the  length  of  the  fiber. 

The  defects  will  control  the  scattering  of  the  current  carriers  for  poorly  graphitized  fibers,  since  the  mean  free 
path  for  scattering  by  defects,  Xd,  will  be  much  shorter  than  the  intrinsic  value  due  to  phonon  scattering  Xp 

Xd  <£  X  (300K)  (poorly  graphitized  fibers) . 

For  material  with  prolonged  heat  treatement  at  3000°C,  however.  Bright15  suggests  that  the  mobility  at  4K  is 
—  1.1  x  104  cm2/v-sec,  which  is  almost  identical  with  that  of  crystalline  graphite  at  300K.  In  this  case. 

(Xd  ^p)  300K  (well  graphitized  fibers) . 

It  is  this  observation  that  gives  us  particular  reason  to  suspect  that  intercalated  fib  ere  may  be  prepared  with 
very  high  conductivities. 

2.2  The  Electrical  Conductivity  of  Intercalated  Compounds 

When  pure  graphite  crystals  are  intercalated  with  donor  alkali  metals, 21,22,23  such  as  Zj  or  K,  both  the  a-axis  and 
the  c-axis  conductivities  are  observed  to  increase,  the  former  by  a  factor  of  five,  reducing  the  anisotropy  to  about  30. 
Acceptors  on  the  other  hand  produce  much  higher  a-axis  conductivities  as  shown  in  the  following  table. 

TABLE  1 


Selected  Conductivity  Values  of  Acceptor  Intercalation 
Compounds  of  Graphite 
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Several  other  generalities  can  be  taken  from  the  table  above.  In  all  known  ca*es  involving  the  acceptor  compounds, 
the  maximum  conductivity  does  not  occur  at  stage  1  but  at  some  higher  stage,  usually  2  or  3.  Also,  in  connection  with 
the  experiments  on  AsFs  intercalated  graphite2*  continuous  data  were  taken  on  samples  simultaneously  registering  the 
thickness  and  conductivity  as  intercalation  occurred  from  pure  graphite  to  stage  1 .  While  there  was  an  orderly  progres¬ 
sion  of  conductivity  with  stage,  between  stages  the  conductivity  was  observed  to  drop  precipitously29. 

Therefore,  the  most  important  experimental  results  can  be  summarized  as  follows: 

( 1 )  Higher  conductivities  are  found  in  strong,  acid  (acceptor)  compounds,  rather  than  either  weak  acceptor  or 
donor  compounds. 

(2)  Maximum  conductivity  is  apparently  found  for  second  stage  compounds,  at  stoichiometry. 

(3)  Generally  the  anisotropy  of  principal  conductivities  increases  for  acceptor  compounds  but  decreases  for  donor 
compounds. 

Relatively  little  is  known  about  the  electronic  structure  of  the  acid  compounds.  We  make  the  following  conjectures 
to  explain  the  high  conductivity  in  these  compounds: 

( 1 )  Because  of  the  strong  acid  nature  of  the  intercalants  there  is  a  charge  transfer  between  the  graphite  lattice  and 
the  acid  creating  an  ion  which  has  a  highly  localized  negative  charge  compared  to  the  graphite  wherein  the 
charge  (positive)  is  delocalized.  This  charge  transfer  produces  an  increase  of  two  orders  of  magnitude  in  the 
carrier  density  of  the  graphite. 

(2)  The  mobility  of  the  charge  carrier  in  the  case  of  the  acceptor  compounds  is  reduced  only  moderately  compared 
to  that  in  the  pure  graphite30. 

2.3  Intercalation  of  Carbon/Graphite  Fibers 

Several  attempts  have  been  made  to  intercalate  carbon/graphite  fibers  but  the  values  reported  in  the  literature  to 
date  barely  match  that  of  pristine  graphite  crystals  (og  =  2.5  x  lO’fl'1  cm'1).  In  1976  the  author  reported  a  value  of 
1 .8  x  1 04fi-‘  cm-1  (Ref.3 1 )  on  fiber  specially  prepared  by  Dr  Herbert  Ezekiel  of  the  Air  Force  Materials  Laboratory, 
and  intercalated  to  stage  2  with  nitric  acid.  Recently  in  the  Graphite  Intercalation  Laboratory  at  University  of 
Pennsylvania  several  highly  structured,  high  modulus  PAN  based,  pitch  based  fibers  have  been  intercalated  with  the 
following  results. 

TABLE  2 


Electrical  Conductivities  of  Selected  Intercalated  Fibers 


Fiber  Type 

Starting  Conductivity 

Intercalated  Conductivity 

Resistance  Ratios  After 

FT1  cm-1 

12“*  cm-1 

jniercaiuitun 

HNOj 

HN03/AsF5 

AsF5 

HNOj 

HNOj/AsFj 

AsF, 

Union  Carbide 
(UC) 

TypeP 

2.0  x  103 

1.8x  104 

5  x  104 

9.0 

11.4 

31 

Celanese-GY7Q 

2.5  x  103 

2.2  x  104 

2.4  x  104 

4.5  xlO4 

11.1 

12.1 

27.2 

That  the  conductivities  of  the  UC  type  P  and  Celanese  GY-70  approach  those  of  intercalated  crystals  is  undoubtedly 
due  to  the  critical  role  played  by  defects  in  these  materials: 

(1)  The  degree  of  intercalation  can  be  strongly  affected  by  the  density  and  type  of  defects  present. 

(?)  The  mobility  at  ambient  temperature  can  be  controlled  by  defect  scattering,  rather  than  electron-phonon 
scattering,  suggested  in  Section  2.1  for  virgin  fibers. 

Accordingly,  the  primary  requirement  for  the  preparation  of  a  highly  conducting  fiber  is  that  the  defect  concentra¬ 
tion  be  reduced  as  much  as  is  practicable. 

2.4  Carbon/Graphite  Fiber  Composites 

The  conductivity  in  a  well  graphitized  commercial  fiber  is  approximately  an  order  of  magnitude  less  than  that  of  the  a- 
axis  conductivity  in  graphite  crystal,  fiber  ~  2.5  x  10*  J2-1  cm-1  (Ref.  14).  The  elastic  modulus  and  tensile  strength  of  the 
well-graphitized  fibers  are  in  the  range  of  15-125  x  10*  psi  and  14.5-105  x  10s  psi  (Ref.  14),  respectively,  which 
accounts  for  their  use  in  epoxy  composites  of  very  high  specific  strength.  Also,  it  has  been  shown  that  the  electrical 


resistivity  of  commercially  available  fibers  can  be  reduced  by  greater  than  one  order  of  magnitude,  Table  2,  by  nitric  acid 
intercalation  without  significantly  affecting  the  mechanical  properties. 

The  electrical  conductivity  of  some  typical  laboratory  fabricated  composites  is  displayed  in  Figure  1 .  For  the 
pristine  fibers  two  types  of  laminations  are  shown:  one  where  the  plies  arc  all  parallel,  marked  180°  (unidirectional)  and 
one  where  they  are  alternated  ±45%,  marked  90°.  The  conductivities  of  these  materials  with  55%  vol  %  fiber 
(o  =  1.9  x  103  fJ_1  cm-1)  in  45  vol.  %  epoxy  are  1  ST1  cm-*  and  10  Sl~l  cm-1,  respectively,  the  higher  conductivity 
resulting  from  better  contact  between  fibers  with  crossed  plies. 

Also  shown  in  Figure  1  is  the  conductivity  for  a  composite  fabricated  from  fibers  intercalated  with  HNO}  to  an 
average  conductivity  of  a  =  8.3  y.  10*  ±  5%,  an  increase  over  the  pristine  fiber  conductivity  by  about  a  factor  of  4.5.  For 
the  same  filling  factor,  however,  the  composite  conductivity  is  increased  by  more  than  an  order  of  magnitude.32 

Recent  work  in  the  Graphite  Intercalation  Laboratory  at  the  University  of  Pennsylvania  makes  the  fabrication  of  a 
highly  conducting  carbon/grapliite  fiber  composite  a  very  real  possibility.  Intercalated  fibers  have  yielded  o’s  of 
>  50,000  Si~‘  cm-1.  Using  a  sirple  linear  relationship  from  the  data  presented  in  the  previous  paragraph32,  a  composite 
of  a  >  10000  £2-1  cm-1  is  quite  realistic.  This  level  of  conductivity  would  yield  ~  45  db  of  attenuation  at  1  MHz  when 
laid  up  in  a  9  mm  thick  pane33.  Such  a  composite  when  layed  up  in  a  slightly  thicker  dimension  would  yield  corres¬ 
pondingly  better  attenuation.  This  composite  would  present  a  significant  step  in  solving  th.  previously  mentioned 
problems  of  lightning  stroke,  static  discharge,  electronic  ground  plane,  and  shielding  for  EMI  and  EMP 
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DISCUSSION 

Question: 

While  intercalation  can  improve  material  conductivity  what  does  it  do  to  the  structural  properties  of  the  graphite/ 
epoxy? 

Answer: 

The  structural  properties,  tensile  strength  and  modular  are  largely  unaffected.  The  fibers  themselves  undergo  a 
slight  (20%)  increase  in  modular  and  a  slight  (10%)  decrease  in  tensile  strength  as  a  result  of  the  intercalation. 

When  these  intercalated  fibers  are  incorporated  into  an  epoxy  matrix  composite  no  difference  is  observed  compared 
to  an  epoxy  matrix  composite  made  with  unintercalated  carbon/graphite  fibers. 
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